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Summary
Copper aluminium oxide thin films were prepared by plasma-enhanced chem-
ical vapor deposition. The optical and mechanical properties of the films were
investigated by the Z-scan technique and nanoindentation. Upon laser bombard-
ment, the film experienced optical annealing and film transmittance increased. At
a laser intensity of 133 GW/cm2, a transmittance change of 25% was achieved.
Such optical response of the film may be useful in optical processing. Nanoinden-
tation measurement showed that film strength decreased with substrate tempera-
ture and Cu/Al ratio. The strongest film has a hardness of 12.1 GPa and an elastic
modulus of 120.1 GPa. The weakest film exhibits a hardness of 0.1 GPa and
an elastic modulus of 19.0 GPa. Structural and compositional analysis revealed
that fine Al2O3 grains contributed mostly to strengthen the films whereas particle
size hardening also took some effect. The study provided knowledge for making
transparent conductive oxide devices with high durability and long lifetime.
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This chapter is intended as a brief introduction of the thesis. Section 1.1 shows
what the purpose of the current work is and where its importance lies. Some
basic concepts that appear throughout the whole thesis, such as copper aluminium
oxide (Cu-Al-O) and transparent conductive oxide (TCO), are also described in
this section. Section 1.2 gives an outline of the whole thesis. Hopefully this will
facilitate readers in reading the following chapters.
1
1.1. INTRODUCTION OF THE CURRENT WORK
1.1 Introduction of the Current Work
One of the most important fields of current interest in materials science is the
transparent conductive oxides (also known as TCOs). The characteristic proper-
ties of such materials are low electrical resistivity and high transparency in the
visible region. The technological and scientific interest in the study of TCO films
has been generated mainly by their potential applications both in industry and
research.
In 1997, CuAlO2 thin film was reported as the first highly conductive p-type
transparent oxide [1]. The discovery of this material is opening a frontier of trans-
parent oxide semiconductors because a variety of active functions in semiconduc-
tors originate from p-n junctions. Since then, extensive efforts have been made
to study its synthesis methods, microstructure, electrical conductivity, and optical
transmittance [2, 3]. The influence of various growth conditions, such as substrate
temperature and stoichiometry, on these properties of copper aluminium oxide
thin films has been reported by many researchers.
It should be noted, however, that if a new material is to be used in industry,
there are many other prerequisites that must be met. One of these prerequisites is
the mechanical properties. It is apparent that the film must exhibit good mechani-
cal strength to provide stable device performance and extended lifetime. A failure
to fulfill the minimum requirement for such properties may result in reduced de-
2
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vice efficiency, or even a break down of a whole system. Also, the mechanical
properties of TCO films are important parameters for designing stress-free multi-
layer thin film semitransparent and top-emitting organic light-emitting displays
involving one or more layers of TCO films on both rigid and flexible substrates [4].
Surprisingly, up to now, only a few studies have been carried out to characterize
the mechanical properties of TCO films and most of them were focused on n-type
TCOs. Report on mechanical properties of p-type TCOs is rare, if any. In par-
ticular, no report on the mechanical properties of copper aluminium oxide thin
films can be found. A study of the mechanical behavior of such films with respect
to their microstructure is particularly needed. Hence, in the current work, efforts
have been made to investigate the mechanical properties of copper aluminium ox-
ide thin films with regard to their growth conditions. This will prove a desirable
supplement to the research on copper aluminium oxide films.
The interest in the optical response of copper aluminium oxide film under
laser bombardment stems from the discovery of laser induced photo-conductivity
in ZnO film, another TCO material [5]. In addition, it is well known that the
interaction between a laser beam and semiconductor films can be widely used in
optical processing and data storage devices. Hence, work has been done to explore




The emphasis of this thesis is on the optical and mechanical properties of Cu-Al-O
thin films prepared by plasma-enhanced metal-organic chemical vapor deposition.
In this chapter, a brief introduction of the current work is provided, together
with some general information about copper aluminium oxide. A review of con-
temporary research work on transparent conductive oxides (TCOs) and their prop-
erties is given in chapter 2. Experimental details of this work is covered in chapter
3. The results of optical and mechanical properties of Cu-Al-O films are discussed
in the following two chapters, namely chapter 4 and chapter 5. In the final chapter,
an overall summary of the current work and suggestion for future work are given.
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In this chapter, a review of literature in the area of the current work is provided,
as it will be useful as background material for readers from multi-disciplinary
fields. Section 2.1 outlines the basic concepts of the thin film technology. Section
2.2 provides some information on transparent conductive oxide (TCO) materials,
especially on Cu-Al-O. Sections 2.3 and 2.4 introduce the contemporary research
on the optical and mechanical properties of TCO materials. Since reports on both
of the properties of Cu-Al-O are rare, the overviews in sections 2.3 and 2.4 will
act as helpful references and facilitate the discussion throughout the thesis.
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2.1 Thin Film Technology
The term “thin film” is used when the thickness of a film is smaller than 1 micron.
Thin film technology is simultaneously one of the oldest arts and one of the newest
sciences [1]. Although involvement with thin films dates to the metal ages of
antiquity, the development of thin film technology is far from end.
Thin films are deposited onto bulk materials (substrates) to achieve properties
unattainable or not easily attainable in the substrates or in the bulk state of the film
materials. The great variety of properties possessed by thin films has given birth
to assorted applications in industry. Table 2.1 [2] divides these properties into five
basic categories and gives examples of typical applications within each category.
In many cases, the properties of thin films are quite different from or even
opposite to those of bulk materials because of the difference in their crystal struc-
ture, stress state, and composition, etc. For example, the mechanical strengths
exhibited by some films appear to be about 200 times higher than those of well
annealed bulk samples. Another example is that very thin (<10 nm) films exhibit
a large increase in electrical conductance due to the “tunnelling effect” which is
rarely observed in bulk counterparts.
Many techniques have been used for thin film deposition, such as electro-
plating, sol-gel, evaporation, sputtering and CVD, etc. Different techniques offer
different growth environments and result in films with different properties. Gener-
7
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Table 2.1: Thin film applications [2]
Thin film
property category Typical applications










Chemical Barriers to diffusion or alloying
Protection against oxidation or corrosion
Gas / liquid sensors






ally, the vapor phase thin film growth techniques have three significant advantages
over the liquid phase growth techniques [2]: applicability to any material, wide
adjustability in substrate temperature, and access to the surface during deposi-
tion. Due to the above reasons, vapor deposition has become the most popular
technique used for thin film deposition in both industry and laboratory research.
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2.2 Transparent Conductive Oxide (TCO)
Studies of transparent and highly conductive semiconducting oxide films have
attracted the attention of many researchers due to their wide range of applications
both in industry and in research.
Transparent conductive oxide films are now being used in a variety of appli-
cations, such as production of heating layers for protecting vehicle windscreens
from freezing and misting over [3], light transmitting electrodes in the develop-
ment of optoelectronic devices [4], optical waveguide based electro-optic modu-
lators [5], the photocathode in photoelectrochemical cells [6], antistatic surface
layers on temperature control coatings in orbitting satellites [7], surface layers in
electroluminescent applications [8], liquid crystal displays [9], and sensors [10].
A large number of materials, e.g., In2O3, SnO2, Cd2SnO4, CdIn2O4, and ZnO,
have been developed for these applications. Recently, work on gallium indium
oxide (GaInO3) has indicated that this material can also be used as a transparent
conductive material [11]. The work on the growth and characterization of these
materials has been reviewed by many workers at various times. Holland [12] re-
viewed the work in this field carried out up to 1955. Haacke [13] gave comprehen-
sive reviews of experimental work reported up to the mid-1970s. Manifacier [14],
Jarzebski [15], Chopra [6] and Dawar [16] reported detailed surveys of the work
in this area up to the early 1980s. More recently, Hamberg and Granqvist [3]
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reviewed the work on indium thin oxide films in detail, particularly from an ap-
plication point of view.
However, it should be noted that all the TCOs mentioned above are of n-type.
On the other hand, the progress in exploring p-type TCOs is relatively slow. This
largely restricted the development of TCO devices because a variety of active
functions in semiconductors originate from p-n junctions.
In 1997, Kawazoe et al, reported CuAlO2 thin film as the first highly conduc-
tive p-type TCO along with a chemical design concept for exploration of p-type
TCOs [17]. They proposed that the nonexistence of p-type transparent conducting
oxides originated from a general characteristic in the electronic structure of ox-
ides: the strong localization of the upper edge of the valence band to oxide ions.
Therefore, any finding of a p-type conducting oxide must include modification of
the energy band structure to reduce the localization behavior, crystal structure that
could enhance the covalency in the bonding between the cation and oxide ion, and
the selection of appropriate band gap to reduce absorption in the visible range.
Following this design concept, a series of p-type TCOs based on Cu+-bearing ox-
ides such as CuGaO2 [18] and SrCu2O2 (SCO) [19] have been found. The discov-
ery of p-type TCO has led TCOs to a frontier of semiconductors, transparent oxide
semiconductors (TOS). In 2000, UV-emitting diode based on p-n hetero-junction
composed of p-SCO and n-ZnO was successfully fabricated by hetero-epitaxial
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thin film growth [20]. This was the first success of UV-LED based on TCOs. Very
recently [21], CuInO2 with an optical band gap of 3.9 eV was found to exhibit
bopolarity by appropriate doping and the all oxide p-n diode based on CuInO2
was realized.
As the first reported p-type TCO, CuAlO2 has received extensive attention.
Much effort has been paid to study its synthesis methods, electrical conductivity,
and optical transmittance. Besides the pulsed laser deposition method, copper alu-
minium oxide films are now fabricated by other methods, such as sol-gel [22] and
RF sputtering [23]. In 2000, Gong et al [24] reported the fabrication of nanocrys-
talline Cu-Al-O films by plasma-enhanced CVD. The p-type conductivity of their
film was much higher than that of the PLD prepared one. This success in using
PE-MOCVD to obtain a high-conductivity transparent p-type semiconductor in-
dicated the possibility of large-scale industrial production of transparent devices.
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2.3 Optical Properties of TCOs
For transparent conductive oxides, the most widely investigated optical properties
are transmission, reflection, band-gap, and refractive index [25]. Generally, these
properties are strongly dependent on the deposition parameters, microstructure,
level of impurities and growth technique. Literature in this area is fairly scattered
although brief reviews have been given by several workers [14, 15].
N-type TCOs usually have very high transmittance in the visible region. For
example, ITO films prepared by sputtering [26] exhibit transmittance of more than
90% in the visible region. ZnO [27], another widely studied n-type TCO, also has
similar transmittance. On the other hand, the transmittance of p-type TCOs is
not so high. CuAlO2 films reported by Kawazoe et al [17] have transmittance of
only 20%–50% in the visible region. Ueda et al [18] reported CuGaO2 with trans-
mittance of 40%–70% in the visible region. Wang et al [28] has investigated the
correlation between the transmittance of Cu-Al-O films and the growth conditions.
It was found that the film transmittance increased with the substrate temperature
employed in the growth process. In addition, post-deposition annealing could fur-
ther increase the film transmittance. However, the mechanism for such an increase
is not clear.
Recently, work has been stimulated by the discovery of a type of lasing effect,
called “random laser” effect resulting from intense optical pulse excitation [29].
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This phenomenon is due to strong optical scattering of photons in a random ac-
tive medium consisting of micrometer or nanometer sized powders [30, 31]. Stu-
denikina et al [32] found that ZnO possessed a similar effect under pulsed laser
excitation. They studied steady-state and transient photoluminescence along with
transient photoconductivity. Under pulsed excitation the luminescence spectrum
changed considerably as the intensity increased, and the color of the emission
changed from green to blue. Transient luminescence showed fast and slow com-
ponents. The fast component was ascribed to an interband exciton recombination,
and the slow component was explained as an electron-hole recombination in a
donor-acceptor complex. Such observations may open new ways for investigating
the optical properties of TCOs.
Another potential area of interest regarding the laser-TCO film interaction is
the optical recording. This relies on a focused laser beam of relatively high power,
whose intensity is modulated corresponding to the information being recorded.
The recording media contains a film sensitive to the laser. Upon irradiation, local
property changes or effects are produced that provide sufficient optical contrast
when read out by a much weaker laser beam [1].
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2.4 Mechanical Properties of TCOs
The mechanical properties such as hardness, elastic modulus, internal stress or
adhesion of transparent conductive oxide films are quite important to guarantee
the patterning accuracy and the durability for various kinds of commercial ap-
plications, such as multi-layer thin film semitransparent and top-emitting organic
light-emitting displays involving one or more layers of TCO films on both rigid
and flexible substrates [33, 34]. These properties are intimately associated with
the microstructure of the films, which, in turn, is directly linked to the deposition
method and process conditions [35].
Up to now, only a few studies have been carried out to characterize the me-
chanical properties of TCO films and most of them were focused on n-type TCOs.
Zeng et al [33] studied the hardness and elastic moduli of indium tin oxide (ITO)
and indium zinc oxide (IZO) films prepared by radio frequency magnetron sputter-
ing. They found that IZO films had a higher elastic modulus and hardness in com-
parison to the ITO films and these mechanical properties are strongly dependent
on the film growth conditions. Naji et al [36] studied the adhesion, scratch resis-
tance and hardness of ITO nanoparticles by using various DIN tests. Sasabayashi
et al [35] studied the internal stress of ITO, IZO, and GZO films prepared by RF
and DC magnetron sputtering. They observed that the stress state within the films
depended on the microstructure of the films and it was the amorphous structure
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that caused relaxation of the compressive stress. Ginley et al [37] have given a re-
view of such works. On the other hand, report on mechanical properties of p-type
TCOs is rare, if any.
Many methods have been used to characterize the mechanical properties of
materials, such as the Brinell test, the Vickers hardness test, and the Rockwell
test [38]. However, they are not suitable for thin film test. Recent years have
witnessed the development of new techniques to measure the mechanical prop-
erties of thin films under the application of minute loads. Simultaneously, very
small displacements are detected so that a continuous “stress-strain”-like curve
is obtained. These techniques are based on the use of the nanoindenter, a load-
controlled submicron indentation instrument that is commercially available [39].
Its chief application has been to indentation hardness testing. In addition to hard-
ness, indentataion tests have been used to indirectly measure a wide variety of me-
chanical properties in bulk materials, such as flow stress, creep resistance, stress
relaxation, fracture, toughness, elastic modulus, and fatigue behavior. The anal-
ysis of the data produced by nanoindentation systems is often based on the work
by Doerner and Nix [40] and Oliver and Pharr [41]. Their analysis were in turn
based upon relationships developed by Sneddon [42] for the penetration of a flat
elastic half space by different probes with particular axisymmetric shapes.
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The film deposition equipment and growth processes are presented in this chapter.
Also provided are outlines of the experimental setups used for the compositional,
optical and mechanical characterizations. Section 3.1 describes the equipment
used for film deposition and some important CVD process parameters. Copper
aluminium oxide thin film growth processes are discussed in section 3.2. Section
3.3 outlines the experimental setups used in each characterization method of this
research.
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3.1 The PECVD Setup
In the current work, all the copper aluminium oxide thin films were deposited by a
homemade PECVD system. Although different arrangements of systems may be
adopted regarding the particular application, generally, two main components are
embodied in nearly all CVD systems: the transportation system and the reaction
system.
3.1.1 Transportation system
The transportation system is in charge of both the transport of precursor into the
reaction chamber and the control of carrier and reactive gas flow rate. In such a
system, the carrier gas flow rate, Fcarriergas, and the total pressure over the source,
Ptotal, will determine the flow rate of reagents. Upon thermodynamic equilibrium,
the flow rate of the reagent, F , is given by [1]:
F =
FcarriergasP
Ptotal − P (3.1)
where P is the partial pressure of the source. The actual design of the transporta-
tion system may depend on what kind of source is used. In the present system (see
Fig. 3.1), metal-organic precursors in the solid state are used. The precursors are
loaded in a half opened quartz tube (see Fig. 3.2) and transported to the reaction
system by a stepping motor with a constant rate. In ahead of the inlet to the reac-
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Figure 3.1: Schematic diagram of the transportation system
Figure 3.2: Schematic diagram of the transportation tube
23
3.1. THE PECVD SETUP
tion chamber, there is a heating region. This region is equipped with a quartz tube
and a halogen lamp. As soon as the transportation tube reaches the heating region,
the light from the lamp through the quartz tube will heat the precursors and make
them sublime. The temperature of the external wall of the quartz tube is measured
by a thermal couple as about 150◦C. The sublimed precursors are then carried by
argon gas to the inlet of reaction chamber. Oxygen, the reactive gas, is directly
fed from a high-pressure gas cylinder through a mass flow meter and mixed with
the precursors. Then a mixture of the precursors, the reactive gas, oxygen, and the
carrier gas, argon, is driven into the reaction chamber.
3.1.2 Reaction system
The reaction system in which a film growth process takes place is the core unit
of a PECVD setup. Generally, such a system is composed of several basic com-
ponents: a vacuum chamber with pumping system to maintain reduced pressure,
a power supply to create the discharge, and a substrate heater with temperature
control unit.
Four basic reactor configurations are normally used in PECVD setups: ca-
pacitively coupled, surface loaded; inductively coupled, substrates downstream of
the discharge; inductively coupled, substrates within the glow region; and electron
cyclotron resonance configuration. In the current system, the capacitively coupled
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Figure 3.3: Schematic diagram of the reaction system
design is used.
A schematic diagram of the reaction system used in the current work is given
in Fig. 3.3. The reaction chamber is of round shape and made of stainless steel. A
pump system with a rotary pump as the fore-pump and a turbo-molecular pump
keeps the base pressure of the chamber at around 5×10−6 torr. A chiller (EYELA
COOL ACE CA-1111, Tokyo Rikakikai Co. Ltd.) helps to cool down the turbo-
molecular pump. Inside the chamber, a ceramic heater with temperature controller
(SG Control Engineering Pte. Ltd.) is used to heat up the substrates. The temper-
ature range of the heater is from room temperature to 800 ◦C.
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In PECVD, glow discharge plasmas are sustained within chambers where si-
multaneous CVD reactions occur. The radio frequencies employed to generate
plasma range from about 100 kHz to 40 MHz (in the current system, 13.56 MHz)
at gas pressures between 50 mtorr to 5 torr. Under these conditions, electron and
positive-ion densities number between 109 and 1012 /cm3, and average electron
energies range from 1 to 10 eV. This energetic environment is sufficient to decom-
pose gas molecules into a variety of components, such as electrons, ions, atoms,
and molecules in ground and excited states, etc. The net effect of the interactions
among these reactive molecular fragments is to cause chemical reactions to take
place at much lower temperatures than in conventional CVD reactions [1].
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Figure 3.4: Schematic diagram of CVD precursors. (a) Cu(acac)2, (b) Al(acac)3
3.2 Film Growth Process
Metal-organic Copper (II) acetylacetonate (Cu(acac)2) and Aluminium (III) acety-
lacetonate (Al(acac)3) were used as precursors owing to their low sublime temper-
atures and high volatility. Their structures are shown in Fig. 3.4. In the current
system, a halogen lamp was used to heat the precursors up to 150 ◦C and the
sublimed precursors were then carried into the reaction chamber by argon gas.
Quartz plates of dimension 10 mm×10 mm were employed as substrates. Be-
fore being introduced into the reaction chamber, the substrates were ultrasonically
cleaned by ethanol and acetone, then blown by nitrogen. Prior to the deposition,
the substrates were heated at 400 ◦C for further cleaning and degassing.
27
3.2. FILM GROWTH PROCESS
Copper aluminium oxide thin films were deposited in a vacuum chamber with
a 13.56 MHz RF plasma. A base pressure of 5×10−6 torr was obtained. By ad-
justing the flow rates of precursor vapor and oxygen gas, the working pressure of
the chamber was kept at 6×10−2 torr. The RF discharge power and the carrier gas
flow rate were set at 50 W and 20 sccm, respectively. Other deposition parameters
employed were: substrate temperatures from 500 ◦C to 750 ◦C, O2 flow rates from
0 to 45 sccm, molar ratios of Cu(acac)2 to Al(acac)3 from 1 to 3. In this work,
experiments were designed to investigate the effect of different growth conditions
on the film properties by varying one parameter and keep the others constant.
Some films were subject to thermal annealing. Rapid thermal annealing was




Many techniques were employed in this work to characterize the physical, chem-
ical, optical and mechanical properties of the copper aluminium oxide thin films.
These include XRD, SEM, SIMS, AFM, XPS, etc. In order to aid readers in ana-
lyzing the data presented in the latter chapters, background information regarding
these techniques is presented in this section.
3.3.1 X-ray diffraction (XRD)
X-ray diffraction (XRD) is a very important nondestructive experimental tech-
nique that has long been used to address issues related to the crystal structure of
bulk solids, including lattice constants and geometry, identification of unknown
materials, orientation of single crystals, and preferred orientation of polycrystals,
defects, residual stresses, etc [1].
An incident X-ray beam can penetrate the lattice and scatter from the atoms of
the crystal. For the characterization of polycrystalline thin films, monochromatic
X-ray source is usually used. Such an incident X-ray impinging on a crystalline
structure will be diffracted if the X-ray beams scattered by adjacent crystal planes
are in phase (constructive interference) according to Bragg’s equation [2]:
2d sin θ = nλ (3.2)
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where λ is the wavelength of the X-ray source, θ is the angle of scattering (Bragg
angle), d is the lattice spacing between adjacent crystal planes, and n is an integer
that represents the order of diffraction. When the Bragg’s equation is satisfied,
a diffraction peak indicating certain crystal orientation will appear and d can be
calculated. In addition, the diffraction peak intensity is a qualitative measure of the
degree of texturing; that is, the intensity increases with the fraction of crystallites
in the sample which have that atomic plane parallel to the surface [3]. The width
of the peak ∆(2θ) (in radians), at half of its maximum intensity is a measure of
the size of the crystal grains. This is because a larger stack of planes contributing
to destructive interference at “off-Bragg” angles results in a sharper Bragg peak,
as described by Scherrer’s formula [4]:
b = 0.9λ/∆(2θ) cos θ (3.3)
when the grains are larger than the film thickness h, b = h; when they are smaller,
the grain size b can be estimated from the above equation.
Furthermore, to characterize thin film samples with XRD, a small grazing
angle of incidence should be employed because the penetrating power of X-ray
is so great that with typical incident angles the resulted path length through films
would be too short to produce diffracted beams of sufficient intensity.
In the current work, a PHILIPS X’ Pert-MPD PW3040 was used to charac-
terize all the copper aluminium oxide thin films. The X-ray source is Cu-Kα with
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a wavelength of 0.1542 nm. A fixed incidence angle of 1◦ was used to reduce the
intensity of the background generated by the quartz substrate. A divergence slit of
1/1 was used to increase the amount of radiation from the X-ray being absorbed
and scattered by the film thus results in more distinct diffraction peaks. All the
samples were scanned from diffraction angles 2θ of 30◦ to 75◦ at a scanning step
size of 0.03◦. In addition, a standard single crystal Si sample with a known peak
position at 28.443◦ was used to correct system errors before scanning the copper
aluminium oxide samples.
The software used to acquire characterization data and deal with scanning re-
sults was X’ Pert Software for X-ray Diffraction, Version 1.1b, Philips Analytical.
Identification was achieved by comparing the X-ray diffraction patterns obtained
from the thin film samples with an internationally recognized database containing
reference patterns for more than 7000 phases.
3.3.2 UV-visible spectrophotometer
UV-visible spectrophotometer is a widely used equipment that provides informa-
tion on the optical absorption of materials. As the name implies, absorption of
light with wavelengths in the near ultraviolet (UV) region (200–300nm) to wave-
lengths in the near infrared (IR) region (700–1100nm) can be measured.
The function of this instrument is quite straightforward. Fig. 3.5 is a diagram
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Figure 3.5: Schematic diagram of a double beam UV-visible spectrophotometer, adapted from [5]
of the components of a typical double beam spectrophotometer. The UV-visible
spectrophotometer uses two light sources: a deuterium lamp for ultraviolet light
and a tungsten lamp for visible light. A light beam from a visible and/or UV light
source is separated into its component wavelengths by a prism or diffraction grat-
ing. Each monochromatic beam in turn then splits into two equal intensity beams
by a half-mirrored device. One beam, the sample beam, passes through the thin
film sample being studied. The other beam, the reference beam, passes through
a reference substrate. The intensities of these light beams are then measured by
electronic detectors. Over a short period of time, the spectrophotometer automati-
cally scans all the component wavelengths in the manner described. Upon testing,
the spectrum of all the components in the system in the absence of sample was
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measured firstly to determining the baseline. The intensity of the baseline, to-
gether with the intensity of the reference beam, which should have suffered little
or no light absorption, are subtracted from the intensity of the sample beam. Thus,
the final absorption spectrum is only resulted from the absorption of light by the
tested sample itself.
In the current work, all the films were subjected to transmittance and ab-
sorption measurements using a Shimadzu UV-1601 UV-visible spectrophotome-
ter. The fast scanning mode (with a sample interval of 1.0) and a slit width of 2.0
cm were used for the measurements. The scanning region was from wavelength
of 200 nm to 1000 nm.
3.3.3 Scanning electron microscopy (SEM)
Scanning electron microscopy is perhaps the most widely employed thin film and
coating characterization instrument because it provides both high magnifications
and ease of sample preparation.
By scanning an electron probe across the specimen, high resolution images
of the morphology or topography of a specimen, with great depth of field, at very
low or very high magnifications can be obtained. Compositional analysis of a
material may also be obtained by monitoring the secondary X-rays produced by
the electron-specimen interaction. Thus detailed maps of elemental distribution
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Figure 3.6: Schematic diagram of a scanning electron microscope with secondary electrons form-
ing the images on the TV screen, adapted from [6]
can be produced. A schematic diagram showing how a typical SEM works is
given in Fig 3.6. An electron beam is produced at the top of the microscope by an
electron gun. The electron beam follows a vertical path through the microscope,
which is held within a vacuum. The beam travels through electromagnetic fields
and lenses, which focus the beam down toward the sample. Once the beam hits
the sample, electrons and X-rays are ejected from the sample. Detectors collect
these X-rays, backscattered electrons, and secondary electrons and convert them
into a signal that is sent to a screen similar to a television screen. This produces
the final image.
Surface morphologies and elemental compositions of the samples were stud-
ied by a PHILIPS XL30-FEG (Field Emission Gun) scanning electron micro-
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scope, equipped with an Ion Getter Pump (IGP), which enables the working pres-
sure of the source chamber to reach about 2× 10−9 torr or even lower. An energy
dispersive X-ray analyzer (EDX) attached to the SEM enabled the detection and
identification of the X-ray produced by the impact of the electron beam on the
film thereby allowing qualitative and quantitative elemental analysis. During the
EDX study, the working distance between the electron beam generator and sam-
ple surface was kept at 10 mm. Voltage and spot size were adjusted to make the
Counts per Second (CPS) in the range from 1000 to 2000.
3.3.4 Atomic force microscope (AFM)
Atomic force microscope (AFM) can provide pictures of atoms on or in surfaces
and other information related to surfaces, such as roughness, particle size, etc.
The AFM works by scanning a fine ceramic or semiconductor tip over a sur-
face much the same way as a phonograph needle scans a record. The tip is posi-
tioned at the end of a cantilever beam shaped much like a diving board. As the tip
is repelled by or attracted to the surface, the cantilever beam deflects. The magni-
tude of the deflection is captured by a laser that reflects at an oblique angle from
the very end of the cantilever. A plot of the laser deflection versus tip position on
the sample surface provides the resolution of the hills and valleys that constitute
the topography of the surface. The AFM can work with the tip touching the sam-
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ple (contact mode), or the tip tapping across the surface (tapping mode) much like
the cane of a blind person.
A Digital Instruments NanoScope IIIa Scanning Probe Microscope was used
to investigate the surface characteristics of the films. Surface related parameters
were calculated by using the software attached with the instrument, NanoScope
III, Version 5.12r3.
3.3.5 Secondary ion mass spectrometry (SIMS)
Secondary ion mass spectrometry (SIMS) is one of the many surface analysis
techniques available for materials characterization.
In SIMS, a source of ions bombards the surface and sputters neutral atoms, for
the most part, but also positive and negative ions from the outermost film layers.
Once in the gas phase, the ions are mass-analyzed in order to identify the species
present as well as determine their abundance. Since it is the secondary ion emis-
sion current that is detected in SIMS, methods for enhancing sputtered-ion yields
is required for high-sensitivity analysis. The primary ions most frequently em-
ployed in SIMS are Ar+, O−2 , and Cs+, and these are focused into a beam ranging
from 2 to 15 keV in energy [1]. The sputtered charged atoms and compound frag-
ments are extracted and enter an electrostatic energy analyzer. Those secondary
ions that pass then enter a magnetic sector mass filter whose function is to select a
36
3.3. CHARACTERIZATION TECHNIQUES
particular mass for detection. The desired ion of mass M , charge q, and velocity
v traces an arc of radius r in the magnetic field B of the electromagnet, given by:
r =Mv/qB (3.4)
As the mass M is calculated from Eq. 3.4, the unknown element is readily identi-
fied.
A further distinction can be made between what is known as ”static“ and
”dynamic“ SIMS [1]. The issue that distinguishes them is the rate of specimen
erosion relative to the time necessary to acquire data. Static SIMS requires that
data be collected before the surface is appreciably modified by ion bombardment.
It is well suited to surface analysis and the detection of contaminants such as
hydrocarbons. Dynamic SIMS, on the other hand, implies that high sputtering
rates are operative during measurement. This, of course, enables depth profiling
of surface layers. However, it should be noted that dynamic SIMS is a destructive
process.
In the current work, a Camera ION TOF-SIMS IV was employed to perform
depth profile analysis of copper and aluminum in the films. A Cs+ gun was used
to provide the primary ion.
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Figure 3.7: Schematic diagram of a Z-Scan setup, adapted from [8]
3.3.6 Z-scan
Since its invention in 1990, the Z-Scan technique has served as an important ex-
perimental method for the research of nonlinear optical properties, which shows
great advantages because of its simplicity and high sensitivity [7]. Using a single
Gaussian laser beam in a tight focus geometry, the nonlinear optical properties of
a material can be revealed by a simple scan along the “Z” direction.
A schematic diagram of the Z-scan setup is shown in Fig. 3.7. A Gaussian
beam serves as the laser source. L1 and L2 are two lenses with different focal
length. BS stands for a beam splitter. D1 and D2 are two probes while the former
is used for reference and the latter is used for signal. The sample is scanned across
the focal region of the lens along the direction of the beam propagation, Z. The
intensity-dependent non-linear phase-front distortions of the beam are measured
in terms of the variations of the transmittance of an aperture placed in the exit
beam as a function of Z.
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The intensity-dependent transmittance of the sample measured without an
aperture (open-aperture scan) yields information on purely absorptive non-linearity
whilst the apertured scan (closed aperture) carries the signatures of both the ab-
sorptive and dispersive non-linearities [8]. The ratio of closed-aperture and open-
aperture scans generates a Z-scan of the purely dispersive non-linearity of the
material. A pre-focal minimum followed by a post-focal maximum of the closed-
aperture Z-scan thus generated is the signature of the positive (self-focusing) non-
linearity and vice versa for the negative (self-defocusing) non-linearity. Hence, it
is possible to extract information about the real and imaginary parts of the non-
linearity along with its sign. The sign of the non-linearity is important for practical
realization of the optical devices. This information cannot be obtained by other
commonly used techniques such as degenerate four-wave mixing.
In the current work, a Ti-sapphire laser with optical parametric amplifier
(OPA), produced by Quantronix, was used as the laser source.
3.3.7 Instrumented indentation
Instrumented indentation, also known as depth-sensing indentation or nanoinden-
tation, is being widely used to probe the mechanical response of materials from
metals and ceramics to polymeric and biological materials. In contrast to common
hardness testers, instrumented indentation systems allow the application of a spec-
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ified force or displacement history, such that the force, P , and the displacement, h,
are controlled and/or measured simultaneously and continuously over a complete
loading cycle. Additionally, the extremely small force and displacement resolu-
tions, often as low as about 1 µN and 0.2 nm, respectively, or even lower for some
systems, are combined with very large ranges of applied forces and displacements
to allow a single indentation instrument to be used to characterize nearly all types
of material systems.
The high levels of control, sensitivity, and data acquisition offered by instru-
mented indentation systems have resulted in numerous advances in materials sci-
ence, particularly regarding fundamental mechanisms of mechanical behavior at
micrometer and even sub-micrometer length scales. Instrumented indentation sys-
tems have been used to study, for example, dislocation behavior in metals, frac-
ture behavior in ceramics, mechanical behavior of thin films and bone, residual
stresses, and time-dependent behavior in soft metals and polymers [9].
Most instrumented indentation systems can be generalized in terms of the
schematic illustration shown in Fig. 3.8. In the system, the force is often applied
using either electromagnetic or electrostatic actuation, and a capacitive sensor is
typically used to measure the displacement. The indenter tip used in instrumental
indenter systems is different from those used in traditional indenters. Usually, a
three-sided pyramidal Berkovich indenter tip with an angle of 143.3◦ is used for
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Figure 3.8: Schematic diagram of an instrumented indentation system, adapted from [9]
imaging and nanoindentation. During an indentation test, the displacement of the
indenter as a function of the applied force is recorded continuously in the course of
a complete cycle of loading and unloading. A typical loading-displacement curve
is shown in Fig. 3.9. During the loading of the indenter, the material undergoes
both elastic and plastic deformation. The maximum loading point of the curve is
used to determine the hardness of the material. The unloading part of the curve is
essentially elastic and after removing the plastic deformation it gives information
about the elastic properties of the tested materials.
The analysis of load-displacement curves produced by instrumented inden-
tation systems is often based on the work by Doerner and Nix [10] and Oliver
and Pharr [11]. Their analysis were in turn based upon relationships developed
by Sneddon [12] for the penetration of a flat elastic half space by different probes
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Figure 3.9: Schematic diagram of a typical loading versus displacement curve (h–indenter dis-
placement; hf–final penetration depth; hmax–maximum displacement; P–force applied to inden-
ter; Pmax–maximum force applied to indenter; S–contact stiffness)
with particular axisymmetric shapes. In the current work, all the analysis of load-
displacement curves was based on the method of Oliver and Pharr.





where Ac is the projected contact area of indenter tip with the material and Pmax
is obtained directly from the curve. Once the contact depth is determined, the
contact area is calculated from the geometry of the diamond pyramid tip, which is




where hc is the contact depth (vertical distance from the edge of the contact area
to the indenter tip, see Fig 3.10).
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Figure 3.10: Schematic diagram of the indentation geometry at maximum load, adapted from [9]
The initial slope of the unloading curve can be used as a measure of the elastic











where S is the contact stiffness, and dP/dh is the initial slope of the unloading
curve (see Fig. 3.9), P is the applied force, h is the indenter displacement, β is
a shape constant that depends on the geometry of the indenter (for a Berkovich
tip, β = 1.034), and Er is the reduced modulus of the specimen. By rearranging









The measured displacement includes the contributions from both the specimen












where Es and νs are Young’s modulus and Poisson’s ratio of the specimen, and Ei
and νi are the same parameters of the indenter. When the contact area Ac and the
contact stiffness S are experimentally known, it is easy to obtain the value of Er
through Eq. 3.8. Finally, utilizing the known value of νi, νs and Ei, the Young’s
modulus, Es, of the material can be calculated.
Recently, test methods that combine dynamic oscillation with the quasi-static
testing capabilities of instrumented indentation systems have been used [9]. A typ-
ical dynamic model for an instrumented indentation system is shown in Fig. 3.11.
When dynamic oscillation is applied, it is most often superposed over a quasi-
static force history using a small force or displacement amplitude and a frequency
in the range of 1 Hz to 300 Hz. This technique thus allows the contact area and
modulus to be estimated throughout the force history and is quite useful for char-
acterizing the modulus as a function of depth, especially in the case of thin films.
In the current work, a Nano Indenter XP R© MTS Cooperation, USA, with
continuous stiffness mode (CSM) was used to perform the nanoindentation mea-
surements.
3.3.8 Other techniques
Some other techniques were also used to characterize the films.
The surface free energy of the films was obtained from measuring the contact
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Figure 3.11: Schematic diagram of a dynamic model for a nanoindenter. Kf represents the
load-frame stiffness, Ks represents the stiffness of the springs, D and mi represent the damping
characteristics and mass, respectively, of the instrument, and S and C represent the storage and
loss components, respectively, of the mechanical impedance related to the tip-sample contact,
adapted from [9]
angle formed when a liquid was dropped on the sample surface. The relationship
between surface energy of the sample (γS) and the contact angle (θ) is generally
described by Young’s equation [13]:
γS = γL cos θ + γLS (3.10)
where γL is the known surface energy of the testing liquid, γLS is the unknown
interfacial energy of film / liquid. By adopting some mathematical models de-
scribed elsewhere [14] and using several different kinds of testing liquids, the
above equation can be solved and the surface free energy of the films can be ex-
tracted. A schematic diagram of the contact angle for a liquid drop on a solid
surface is given in Fig. 3.12.
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Figure 3.12: Schematic diagram of the contact angle, adapted from [13]
A Filmetric (F20) was used to measure the thickness of the samples. The
physical basis of this equipment is the use of fiber optic cable from the light source
output port. The sample is illuminated by a tungsten-halogen white light source,
which has a wavelength in the range of 400 nm to 3000 nm. However, the effective
measurement range of this equipment is between 400 nm and 1013 nm. Filmetric
system compares the reflectivity spectrum of the sample with its internal mathe-
matical reflectivity spectrum. The calculated curve is then fitted to the measured
curve in order to obtain the thickness of the sample. The accuracy of the thick-
ness measurement depends on the fitting between the two curves. In practical,
fitting error less than 1% is considered to be accurate. Before commencing the
measurement, a blank substrate of the sample is used as the baseline. Replacing
the substrate with the sample, and inputing the refractive index of the sample then
yields the thickness of the film.
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The weight of the films was measured by an electronic balance (AEM-5200,
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Chapter 4
Optical Properties of Copper
Aluminium Oxide Thin Films
4.1 Introduction
Since the report of highly conductive p-type transparent CuAlO2 thin film in
1997 [1], there has been increasing attention to its synthesis methods, electrical
conductivity, and optical transmittance [2, 3]. However, the optical response of
this transparent conducting oxide (TCO) under laser bombardment has not been
investigated yet. It is well known that the interaction between a laser beam and
semiconductor films can be widely used in opto-electronic devices, eg. optical
recording and data storage. In particular, the nonlinear optical response with
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ultra-fast response time excited by laser is of direct relevance to future high-
bit-rate fiber-based communication systems. Recently the observation of large
photo-conductivity has been reported for another TCO material, ZnO film, which
indicated that TCOs might also possess large nonlinear optical properties [4].
The Z-scan technique, developed by Bahae and co-workers [5, 6] in 1989, is
a simple single-beam method for characterizing various optical properties, espe-
cially, the third-order response of a nonlinear optical material. Since that time,
this technique has been widely used to analyze a variety of materials [7]. The
Z-scan measurement provides information on both the sign and the magnitude of
the nonlinear absorption coefficient, β, and the nonlinear refractive index, n2, and
offers the advantages of simplicity and high sensitivity.
For the above reasons, the optical properties of the copper aluminium oxide
film were studied in this work. By using the Z-scan technique, the interactions
between the film and the laser beams with different intensities were investigated.
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4.2 Optical Effects in Z-scan Characterization
The copper aluminium oxide thin film used in this study was deposited onto a
10 mm× 10 mm quartz substrate by the PECVD technique. The growth condi-
tions employed were metalorganic precursors with a Cu/Al molar ratio of 1, an
oxygen flow rate of 30 sccm, an argon flow rate of 20 sccm, a substrate tempera-
ture of 650 ◦C and a plasma power of 50 W. Microstructure characterizations (i.e.,
XRD, AFM, and SEM) indicated that the film was of polycrystalline structure and
mainly consisted of CuAlO2 and CuO grains of 20 nm–30 nm in diameters (please
refer to Fig. 5.9 for more details). The film was also subjected to the UV-visible
measurement and the result revealed a transmittance of about 30%–60% in the
visible region.
The Z-scan experimental setup is similar to that shown in Fig. 3.7 (please re-
fer to chapter 3 for more details). For all the measurements, a Ti-sapphire laser
(λ = 750 nm) with 100 fs pulse duration operated at 1kHz repetition rate was used
as the laser source. The laser had Gaussian temporal and spatial profiles. The on-
axis laser intensities were varied by employing different combinations of natural
density filters. In the current study, three maximum on-axis intensities at the beam
focus were achieved, i.e., 7.2 GW/cm2, 29 GW/cm2, and 133 GW/cm2. Prior to
the measurements, a blank substrate was scanned for reference and the result did
not exhibit any distinct signal. Then the sample was translated along the propaga-
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Figure 4.1: Normalized Z-scan data for the copper aluminium oxide thin film at a laser intensity
of 133 GW/cm2: (a) open aperture signal; (b) close aperture signal.
tion path of the laser beam, and the transmitted light intensity was recorded as a
function of the sample position z with the use of an apertured detector in the far
field.
Typical Z-scan signals of the copper aluminium oxide film at a laser intensity
of 133 GW/cm2 are shown in Fig. 4.1. In the open aperture signal, the trans-
mittance remained relatively constant when the film was far away from the focus
point (Z = 0); as the film was brought closer to the focus point, film transmittance
began to increase. The maximum transmittance increase of 25% was achieved at
the focus point, where the laser intensity reached an apex. In the close aperture
signal (Fig. 4.1 (b)), the transmittance was also relatively stable at the very begin-
ning. However, a valley-peak configuration appeared when the film was near the
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focus point.
The configurations of these signals look similar to those reported for other
nonlinear optical materials [5]. It is usually believed that such Z-scan signals
originate from the nonlinear optical response of the test material and the intensity-
dependent transmittance of the sample measured without an aperture (open-aperture
scan) yields information on purely absorptive non-linearity whilst the apertured
scan (closed aperture) carries the signatures of both the absorptive and disper-
sive nonlinearities. If these signals really came from the copper aluminium oxide
film itself, optical nonlinearity might be expected for this material. Care must be
taken, however, to ensure that the laser intensity is below the damage threshold of
the sample since some linear optical effects induced by surface modification may
also generate such signal [8]. This is particularly important for thin films in which
the absorbing medium can be confined to a thickness of less than one micrometer.
To find out the origin of these signals, Z-scans at different laser intensities
were performed. During the measurements, the following procedures were taken.
First, the sample was scanned at a low incident irradiance (7.2 GW/cm2), at which
no signal appeared; then another Z-scan at a higher input irradiance (29 GW/cm2),
at which the signal was observable was performed; and afterwards, the Z-scan
at the low input irradiance was repeated; at last, the sample was scanned at the
highest irradiance (133 GW/cm2). The Z-scan signals recorded at different laser
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Figure 4.2: Normalized Z-scan data for the copper aluminium oxide thin film: (a) open aperture
signal; (b) close aperture signal. HE, ME, and LE denote different on-axis laser intensities, i.e.,
133 GW/cm2, 29 GW/cm2, and 7.2 GW/cm2, respectively; LE2 denotes the scan data at 7.2
GW/cm2 after exposure to 29 GW/cm2
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intensities were then normalized and plotted as a function of the sample position.
Fig. 4.2 (a) shows the open aperture signals of the film at different laser inten-
sities. When the laser beam with the lowest intensity was bombarding the film,
the transmittance remained almost constant. As the laser intensity increased, the
transmittance at the focus point also increased. The maximum laser intensity gave
rise to a maximum transmittance change up to 25% (denoted as “HE” in the fig-
ure). The evolution of the close aperture signals in Fig. 4.2 (b) is similar to that of
the open aperture signals. With the increase of laser intensity, the close aperture
signal became more distinct (the curve at 7.2 GW/cm2 beam intensity is not given
because of a too large noise to signal ratio). If the above signals were reversible,
i. e., similar curves could be obtained when decreasing the laser intensity, it might
be considered that these signals really came from the nonlinear optical response of
the copper aluminium oxide film. However, later Z-scan showed that these signals
were actually irreversible. It can be noticed that for measurements carried out on a
pristine region of the film, no Z-scan response was observed for the beam energy
of 7.2 GW/cm2 (denoted as “LE” in the figure), while subsequent measurements
at this energy (denoted as “LE2” in the figure), carried out after exposure to 29
GW/cm2, did show a response similar to that observed at 29 GW/cm2. Such an
irreversible process looks as if the signal was permanently recorded on the film
and is one of the characteristics of optical damage [9].
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Figure 4.3: Variation of the magnitude of the nonlinear absorption coefficient, β, and nonlinear
refractive index n2, with impinging laser intensity: (a) absorption coefficient; (b) refractive index
Curve fitting results also provide an evidence that these signals do not really
come from nonlinear optical response. Because the nonlinear absorptive coeffi-
cient, β, and the nonlinear refractive index, n2, are both intrinsic properties that
do not depend on the laser intensity, each Z-scan measurement should give the
same values for β and n2, whose relationships with the third order nonlinear sus-










where Imχ(3) and Reχ(3) are the imaginary and real part of the third order non-
linear susceptibility, respectively; c is the speed of light in vacuum and ω is the
optical frequency of the laser beam. Assuming the measured signals came from
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the optical nonlinearity of the film, the nonlinear absorption coefficient and non-
linear refractive index of the film can be calculated from the curves [11]. The
open aperture signal yielded β and the close aperture signal yielded n2. The re-
sults were plotted as a function of the laser intensity and shown in Fig. 4.3. As
can be seen, both the nonlinear absorption coefficient and the nonlinear refractive
index showed strong dependence on the laser intensity and the absolute values of
them decreased with the intensity. According to Patterson et al [8], this intensity
dependence of the Z-scan signal may not involve a purely nonlinear optical re-
sponse and can be explained by an effective linear refractive index change, ∆n0,
resulting from the presence of a transmittance change induced by a certain kind
of surface modification. The overall refractive index, n = n0 + (n2/2)|E|2, can
be rewritten in terms of ∆n0 as:









where E denotes the laser intensity and n0 is the linear refractive index. In term
of Eq. 4.3, the effective nonlinear index of refraction, neff2 = n2 + 2∆n0/|E|2,
contains a true optical nonlinearity and a linear optical term that depends inversely
on the intensity. In the current case, it might be this linear term that took effect in
the variation of the overall parameters and thus yielded the curves in Fig. 4.3. This
suggests that the signals observed in the Z-scan measurements were not really a
nonlinear optical effect but resulted from a surface modification introduced in the
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film when the sample was near the focus point. The resulting spatial dependence
of the linear refractive index n0 produced an transmittance variation that mimicked
the third-order nonlinear optical effect.
Such an effect may be simulated by the scalar diffraction theory [12]. During
the simulation, surface modifications induced by laser are assumed to act as abla-
tion holes for simplicity. In the film plane, the laser wave undergoes a phase shift
with a radial dependence. For a film with thickness d, the transmission function
T (s) is represented as:
T (s) =

1 , s < a
exp(iθ) , s ≥ a
(4.4)
where θ = (n−1)kd and a is the radius of the hole in the film. This acts similar to
a negative lens because the refractive index is higher for the film (n ≈ 1.5, s > a)
than for the hole (n = 1, s < a). The wave propagation to the detector plane

















here zD represents the distance between the film and the detector and z is the po-
sition of the film relative to the focus point. Integrating |φD(r)|2 over the detector
aperture thus yields the transmission curve similar to the signal obtained in the
current Z-scan measurement.
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Figure 4.4: Optical microscopy image of the film after laser bombardment
To confirm the presence of surface modification, the film surface was sub-
jected to microscopic observation in the area used for the Z-scan measurements.
An optical microscopy image is shown in Fig. 4.4. The figure clearly illustrates a
dome on the film surface, which may be regarded as an evidence for grain growth.
The dome diameter is approximately 20 µm, roughly the spot size of the focused
laser beam. On the other hand, the rest of the film surface is quite smooth and
homogenous except for some little and irregular islands which can be regarded as
contamination. The origin of the dome may be explained as following. During the
Z-scan process, as the sample moved along the propagation path of the beam, the
thermal energy induced by the laser accumulated on the film surface and the film
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experienced optical annealing, which might result in surface modifications such as
grain growth, melting, phase transformation or, occasionally, sublimation. Since
in the Cu-Al-O system, CuAlO2 is more stable at high temperature than CuO [13],
some CuO in the film might have sublimed or converted to CuAlO2 during the an-
nealing process. EDX conducted on the domes revealed a Cu/Al ratio of 0.82, a
little smaller than that on the rest parts of film surface, which was measured to
be 0.94. This can be regarded as an evidence for the above supposition. On the
other hand, CuAlO2 grains kept growing at the high temperature, consequently
gave rise to the dome morphology on the surface bombarded by laser. The domes
might have different refractive index and transmittance with the other parts of the
film, thus produced a Z-scan signal similar to a material with nonlinear optical
properties.
Such a surface modification excited by laser bombardment has been observed
in many other materials. Ho et al [14] reported that AgOx underwent a phase
transition with increasing laser power. Patterson et al [8] found ablation holes
in copper-doped silica film during the Z-scan process. It is usually believed that
laser beams with high intensity may alter the surface properties of materials by
the subsequent thermal effect. Generally speaking, the heating caused by an in-
cident laser pulse is due to the electronic excitation processes accompanying the
absorption of light. In the cases of semiconductor and dielectric films, the light
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penetrates within the material and the thermal evolution during the pulse duration
overshadows heat diffusions, thus the temperature rise on the surface due to the
incident laser beam is given by [15]:




where x is the film thickness, τp is the pulse duration, α is the inverse of the
penetration depth, I0 is the power density of the laser pulse, R is the material
reflectivity, ρ is the density of the material, and c is the specific heat. It can be seen
from Eq. 4.6 that the surface temperature is directly related with the laser intensity
whereas independent of the bombarding time. Accordingly, it may be considered
that with the increasing incident laser intensity, the surface temperature of the
copper aluminium oxide film increased, resulting in an effect similar to annealing
the film in a furnace at different temperatures.
Since it is difficult to measure the film transmittance only at the areas where
the surface modification took place, to gain a deeper insight into the thermal ef-
fect on the film transmittance, post-deposition annealing in atmosphere was car-
ried out in a furnace. Fig. 4.5 shows the variation of the optical transmittance of
the as-deposited and annealed films, which was normalized according to the film
thickness. As illustrated by the solid line, the transmittance in the visible region
(about 400 nm–800 nm) of the as-deposited film grown at 650 ◦C was about 30%
to 60%. It can be easily seen that the transmittance of the film was improved about
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 350 C  5 min
 350 C 10 min
 700 C  5 min
Figure 4.5: Transmittance of the as-deposited and annealed films
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15% after annealed at 350 ◦C. However, a longer annealing time at the same tem-
perature does not seem to further increase the film transmittance, as shown by the
dot line in the figure. Such a phenomenon is similar to the observation of Wang
and Gong [16] that the transmittance of copper aluminium oxide films remained
almost the same as the annealing time increased from 5 min to 15 min. The high-
est transmittance was achieved in a film annealed at 700 ◦C for 5 minutes. EDX
measurements revealed the Cu/Al ratios to be about 0.83 and 0.84 for the films an-
nealed at 350 ◦C for 5 min and 10 min, respectively, and 0.79 for the film annealed
at 700 ◦C. Thus the improvement in the film transmittance may be attributed to the
sublimation of some amount of CuO and the further growth of grains. The grain
growth upon annealing might have decreased the amount of grain boundary areas
which may act as scattering centers, thus gave rise to a higher film transmittance.
The actual temperatures on the film surface could be different between the
laser induced annealing and the thermal annealing in a furnace, however, their
effects may be similar since these processes both occurred in an oxygen-rich am-
bient. Considering the formation of domes on the film surface after the Z-scan
measurement, which may be prompted by grain growth, it seems likely that the
laser induced grain growth may take more effect in increasing the film transmit-
tance than the sublimation of CuO because the grain boundary areas which act as
scattering centers in the film may substantially decrease after laser ablation. As
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illustrated by the Z-scan data, the film experienced an increase of transmittance
from 15% to 25% at different laser intensities, suggesting that the laser induced
annealing effect at different laser intensities may be similar with the thermal an-
nealing effect at different temperatures. Consequently, it is this effect that leads to
a linear optical effect which mimicked the nonlinear optical response.
Although the Z-scan measurements did not obtain an evidence for nonlin-
ear optical properties in copper aluminium oxide thin films, the discovery of the
surface modification may potentially be useful in optical data storage. In the con-
temporary applications, recording is often achieved by the following ways [15]:
1. formation of holes and pits by melting and flow of polymers;
2. local changes of magnetization in magnetic films subjected to an external
magnetic field;
3. amorphous to crystalline (and vice versa) phase transformation.
In the current study, the interaction between the laser beam and copper aluminium
oxide film seems to be like the last kind of interaction, thus may serve as recording
media. In addition, the intensity dependent transmittance may provide basis for




In this chapter, the optical response of copper aluminium oxide thin film under
laser bombardment was characterized by the Z-scan technique. Although the sig-
nals recorded by the detectors are similar to the nonlinear optical response of a
material, subsequent analysis revealed that these signals are actually due to the
linear optical effect produced by a laser induced surface modification.
Microscopy observation revealed a dome on the film surface, which may be
regarded as an evidence of grain growth or phase change in the areas bombarded
by laser beam. Since direct measurement of the transmittance of the dome is diffi-
cult, annealing of the film in a furnace was carried out to provide some qualitative
information about the effect of optical annealing on film transmittance. The re-
sults showed that a higher annealing temperature leads to a higher transmittance,
similar to the case of laser annealing in the Z-scan process.
The significance of the current study is twofold: on the one hand, it was
found that the modification threshold of the copper aluminium oxide thin film by
laser beam is quite low and caution must be taken in examining this material by
laser; on the other hand, the laser annealing effect may have application in optical
processing or data storage.
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Chapter 5
Mechanical Properties of Copper
Aluminium Oxide Thin Films
5.1 Introduction
Generally, the term “mechanical property” is used to define the response of a ma-
terial to external or internal forces. Depending on the magnitude of these forces
and the resulted material behavior, classification can be made among various me-
chanical properties, such as elastic modulus, hardness, yield strength, fracture
toughness, fatigue, etc. In the current work, two of the above mechanical proper-
ties, namely elastic modulus and hardness, of copper aluminium oxide thin films
were investigated by a nanoindentation system due to their special importance in
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practical applications. In the following parts of this thesis, if not particularly men-
tioned, the term “mechanical properties” essentially represents elastic modulus
and hardness of the films.
If a new material is to be used in industry, one prerequisite that must be met
is its mechanical properties. A failure to fulfill the minimum requirement for
such properties may result in reduced device efficiency, or even a break down
of a whole system. The mechanical, morphological, optical, and electrical prop-
erties of transparent conductive oxide (TCO) films have direct implications for
determining and improving the performance of devices involving such films. In
addition, the mechanical properties of TCO films are important parameters for de-
signing stress-free multi-layer thin film semitransparent and top-emitting organic
light-emitting displays involving one or more layers of TCO films on both rigid
and flexible substrates [1]. However, up to now, only a few studies have been
carried out to characterize the mechanical properties of TCO films and most of
them were focused on n-type TCOs, such as ZnO, ITO [1, 2]. Report on the me-
chanical properties of p-type TCOs is rare, if any. In particular, no report on the
mechanical properties of copper aluminium oxide thin films can be found. Hence,
in the current work, efforts have been made to investigate the mechanical behavior
of copper aluminium oxide thin films for two main reasons: on the one hand, to
gain knowledge about mechanical properties of copper aluminium oxide films; on
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the other hand, to find some relations between various film properties (e.g., opti-
cal, electronic and mechanical properties) since all the properties share the same
microscopic features.
Section 5.2 reports some general features of the nanoindentation load dis-
placement curves and the mechanical behavior of a typical copper aluminium ox-
ide thin film sample. The effect of different growth conditions on the mechanical
properties of the films is presented in section 5.3. Discussion of the observed re-
sults is provided in section 5.4 and a brief conclusion is drawn at the end of this
chapter.
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5.2 Typical Mechanical Behavior
In this section, the mechanical behavior of a typical copper aluminium oxide thin
film is presented. The sample was prepared by the PECVD method with a Cu/Al
molar ratio of 1 in the precursors, an oxygen flow rate of 30 sccm, and a substrate
temperature of 600 ◦C.
A typical nanoindentation test consists of six subsequent steps: approach-
ing the surface; loading in displacement control to a given maximum penetration
depth; 20 seconds’ hold in order to reach the equilibrium of the sample and the
indenter; unloading in load control at 50% of the loading rate to 90% of the peak
load; 60 seconds’ hold to allow calculation of thermal drift effects; total unload-
ing in load control. The thickness of the film is measured to be about 490 nm.
Due to the “thin” nature of the film, the influence of substrate on the measurement
is nearly inevitable and a number of models have been put forth to measure the
“film-only” properties. For a film of thickness t, Bu¨ckle [3] suggested an empiri-
cal rule to avoid the substrate effect: hmax < 10%(t), where hmax denoted the dis-
placement at which hardness and elastic modulus values were taken. Bhushan [4]
considered that the substrate effect could be ignored for hmax < 20%(t). In the
current work, a nanoindentation system with continuous stiffness mode (CSM)
was employed and the film mechanical properties were calculated throughout the
whole penetration depth range (i. e. 0–500 nm). This allows a direct observation
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Figure 5.1: Nanoindentation load-displacement curves of the typical sample
of the substrate effect in the current system. On the other hand, when compar-
ing mechanical properties of different films, the 10% rule of thumb was applied
to exclude the substrate effect as much as possible. A more detailed method for
performing substrate-independent hardness measurements of soft films on hard
substrates by nanoindentation can be found in the work of Tsui et al [5].
The nanoindentation curves directly recorded during the test of the typical
sample are shown in Fig. 5.1. By employing the Oliver and Pharr’s method [6],
the hardness and elastic modulus of the film can be directly calculated from these
curves (please refer to chapter 3 for more details). Totally ten tests were performed
and these curves were reproducible with only a 2 nm drift. The reproducibility of
the curves indicates that the film studied here has evenly distributed qualities and
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little contamination on the surface. As can be seen from the figure, the inden-
ter tip displacement kept increasing with the applied load until a displacement
of 500 nm was reached, then the unloading process started and the displacement
gradually decreased. Due to the development of plastic deformation during the
initial loading process, the unloading curve didn’t accord with the loading curve.
Compared with metal films which usually exhibit considerable plastic deforma-
tion under external force, the copper aluminium oxide film has large elastic re-
covery, and the plastic deformation is small. The elastic recovery is defined as
R = (dmax − dres)/dmax, where dmax and dres are the displacement at the max-
imum load and the residual displacement after unloading, respectively [7]. From
Fig. 5.1, dmax and dres of the copper aluminium oxide film are about 500 nm and
200 nm, thus the elastic recovery is calculated to be 60%, much higher than that
of Cu films, which was reported to be 9% [8]. Such a high elastic recovery may
be a manifestation of the relatively covalent nature of the bonding structure in the
film [9]. Sikder et al [8] reported higher plasticity in Cu films as the bonding
structure changed from covalent to metallic. The slope of the load-displacement
curve increased steadily, indicating work hardening of the film and an increase of
the substrate’s influence on the indentation measurement.
Using the method developed by Oliver and Pharr [6, 10], the hardness and
elastic modulus of the sample were determined and plotted as a function of in-
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Figure 5.2: Mechanical properties of the typical sample as a function of indentation depth: (a)
hardness-displacement curve, (b) elastic modulus-displacement curve, (c) P/H2-displacement (P
denotes load and H denotes displacement), (d) contact stiffness-displacement.
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dentation depth. It can be seen from Fig. 5.2 (a) that the hardness is great at the
very beginning of the indenter displacement (h < 20 nm) and then decreases to-
ward a minimum before it starts increasing again with deeper indentation depth.
The higher value of hardness at the film surface may be attributed to the diffi-
culty of determining the point of contact and the tip function at shallow depth or
to the strain gradient plasticity of the film surface, i.e., the hardness measured is
indentation size dependent: the finer the indentation area, the greater the hardness
because the strain gradient between the material plastically deformed by the in-
dentation and the elastic region surrounding it is greater with a fine indentation
size [11]. The value of hardness becomes minimum at the penetration depth of
about 20 nm. When the indenter penetrates deeper, there is a steady increase in
the hardness. In particular, after the penetration depth exceeds 100 nm, the hard-
ness approaches a constant value of about 12 GPa, indicating that the effect of
the substrate cannot be neglected. The evolution of elastic modulus qualitatively
follows that of the hardness as shown in Fig. 5.2 (b). However, compared with the
hardness, the measured elastic modulus is more strongly affected by the substrate
and the substrate influence is observed even at a very small indentation depth.
This is to be expected because the elastic field under the indenter is not confined
to the film itself; rather it is a long-range field that extends into the substrate es-
pecially when the film thickness is small. To exclude the influence of substrate
as much as possible, the Bu¨ckle’s rule [3], which indicates that the substrate ef-
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fect can be neglected at 10% of the total film thickness and is widely adopted in
nanoindentation measurements, was applied and the hardness and elastic modulus
of the sample were calculated to be 6.9±0.6 GPa and 97.1±9.1 GPa, respectively,
at the penetration depth of 50 nm, 10% of the film thickness. Fig. 5.2 (c) gives the
P/H2-displacement curve and Fig. 5.2 (d) gives the contact stiffness-displacement
curve. According to Zeng et al [12], these curves can be used in the CIP (combi-
nation indentation plots) method to check and confirm the validlity of the values
determined by the Bu¨ckle’s rule. Judging from Fig. 5.2 (c) and (d), one can find
that the curves are linear from 50 nm to 100 nm. According to the CIP method,
one can use the mid or average value of mechanical properties in this (50-100
nm) region as the film mechanical properties. Based on this more comprehensive
and reliable CIP method, the hardness and elastic modules are 6.0± 0.7 GPa and
99.0 ± 9.1 GPa, respectively, similar to the values determined by the 10% rule.
Since the Bu¨ckle’s rule is currently more commonly employed, values determined
by this method will be used in the following parts of the thesis.
These values of mechanical properties of the copper aluminium oxide thin
film are lower than those of hard coatings such as B-N-C [13] and Ti-Si-N [14],
whose hardness and elastic moduli exceed 30 GPa and 350 GPa, respectively.
On the other hand, they are much higher than those of polymers whose hardness
and elastic modulus are generally in the order of 0.1 GPa and 2 GPa, respec-
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tively [15]. According to Zeng et al [1], hardness and elastic modulus of ITO,
an n-type TCO, had the values of 6.5 GPa and 99.8 GPa, close to those of the
copper aluminium oxide film studied in the current work. However, no standard
values of such mechanical properties of CuAlO2 in bulk form or in thin films can
be found in handbooks or references. In addition, since no previous report on the
mechanical properties of Cu-Al-O thin films was provided, a comparison between
such properties of Cu-Al-O films prepared by different techniques is not feasible.
By employing the concept of “bulk modulus”, a mathematical model was ap-
plied to calculate the theoretical mechanical properties of CuAlO2. Bulk modulus,
B, is used to define the volume change of a material under hydrostatic tension or




For most metals and ceramics, ν ∼= 1/3, thus the bulk and Young’s moduli are
approximately numerically equal. Young’s modulus can be related to hardness
by E = k
√
H where k is a constant [16]. Hence, hardness can be related to bulk
modulus by B ∝ √H . From Hooke’s law, B = dσ/d² (where σ is the stress and ²
is the elastic strain) and the relationship between the stress and the first derivative
of the binding energy Eb versus bond distance a at the equilibrium position a0,
σ = (dEb/da)0, one obtains B = (d2Eb/da2)0 [17]. Thus, a high curvature of
the interatomic potential curve at the equilibrium bond distance a0 (i.e., a high
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bond energy and small bond length) results in a high bulk modulus. Based on
such general considerations, Cohen and co-workers [18] derived Eq. 5.2 which





where 〈NC〉 is the average coordination number and λ is the polarity of the bond,
B is in GPa and a0 is given in A˚ [19]. With knowledge of these parameters of a
specific material, bulk modulus can be readily calculated.
In the current study, CuAlO2 generally has a rhombohedral structure with
the nearest Cu-Cu distance of 2.86 A˚ and a coordination number of 6 (Power
Diffraction Database File (PDF) number: 351401). CuO, another copper com-
pound which is often found in copper aluminium oxide films grown by CVD, has
a monoclinic structure with the nearest Cu-Cu distance of 3.422 A˚ and a coor-
dination number of 4 (PDF: 48-1548). Al2O3 has a face-centered structure (fcc)
with the nearest Al-Al distance of 2.79 A˚ and a coordination number of 12 (PDF:
75-0921). Because the nearest bonds in CuAlO2, CuO and Al2O3 are those be-
tween Cu atoms or Al atoms, the polarities, λ, of them should be 0. Employing
these parameters into Eq. 5.2, the bulk moduli of CuAlO2, CuO and Al2O3 were
calculated to be 75 GPa, 27 GPa and 163 GPa. Since hardness is proportional to
bulk modulus (i.e.,
√
Hi/Hj = Bi/Bj , i and j denote different materials), with
knowledge of the hardness of Al2O3, those of CuAlO2 and CuO can be estimated.
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According to the report of Ahn et al [20], the hardness of Al2O3 films was about
10.3 GPa, therefore the hardness values of CuAlO2 and CuO were calculated to
be 2.2 GPa and 0.3 GPa. Hardness of other materials, such as TiC [14], MgO [21]
and SiO2 [22], were also calculated to check the validity of this method and the
predicted values accorded well with those experimental results.
The calculated hardness of CuAlO2 (2.2 GPa) is more than 3 times lower
than that extracted from nanoindentation curves (6.9 GPa). It is of great interest
to have such a surprisingly large gap between the theoretical value and the exper-
imental value and there must be some strengthening mechanisms behind this phe-
nomenon. Generally speaking, hard materials can be divided into intrinsic ones
and extrinsic ones. Up to now, there are only two confirmed phases of intrinsic
hard materials, diamond and c-BN, whose super hardness is a result of high bond
strength and small bond length [13]. The hardness of extrinsic hard materials, on
the other hand, is determined by their microstructures. Due to the existence of
great divergence between the experimental and theoretical results, it is likely that
the hardness of copper aluminium oxide film studied here is originated from the
extrinsic mechanism. To find more detailed information about the structure and
composition of the film, several characterizations were carried out.
Fig. 5.3 shows the X-ray diffraction pattern of the copper aluminium oxide
film. The existence of several diffraction peaks reveals that the film has a poly-
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Figure 5.3: XRD pattern of the typical sample
crystalline structure. These peaks may be indexed as different phases of CuAlO2,
CuO, and Al2O3, according to the PDF cards from the database of 2000 JCPDS-
International Center for Diffraction Data (PDF number: 88-0826, 04-0836, 35-
1401, 77-2494, 21-0276, 48-1548, and 80-1917). The list of peaks and the pos-
sible phases are given in Table 5.1. The two crystalline peaks of CuAlO2 can be
both related to a rhombohedral structure with lattice constant a = 2.857 A˚ and
c = 16.943 A˚. The two peaks of CuO can be both related to a monoclinic struc-
ture with lattice constant a = 4.688 A˚. The small peak at 52.531◦ indicates the
existence of small grains of Al2O3 with a rhombohedral structure.
The existence of copper oxide (CuO or Cu2O) in copper aluminium oxide
films due to incomplete reaction has been reported elsewhere [23, 24]. The pres-
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Table 5.1: XRD peak list of the typical sample
Phase 2θ (◦) (hkl) d-spacing (A˚)
CuAlO2 36.720 (101) 2.4474
CuAlO2 42.316 (104) 2.1358
CuO 46.260 (112) 1.9609
Al2O3 52.531 (024) 1.7406
CuO 68.125 (220) 1.3753
ence of Al2O3 particles, nevertheless, has not been previously observed in CVD
grown Cu-Al-O films. Al2O3 may come from two ways. One is that during the
film growth process, such reactions might be favored [25]:
CuO→ (1/2)Cu2O+ (1/4)O2 (5.3)
(1/2)(Cu2O+Al2O3)→ CuAlO2 (5.4)
It is possible that the residual Al2O3 comes from its incomplete reaction with
Cu2O. The other possibility is that when exposed in atmosphere after deposition,
the surface of the film was oxidized thus led to the formation of a Al2O3 layer.
However, if Al2O3 was really only formed on the surface, the structure of the film
might be inhomogeneous and oscillation in the indentation curve should be ex-
pected. Since the load-displacement curve is quite stable as shown in Fig. 5.1 (a),
it is more likely that the Al2O3 particles mainly result from incomplete reactions;
surface oxidation, on the other hand, may further increase the content of Al2O3 on
the film surface.
By employing Scherrer’s formula (Eq. 3.3), the sizes of various crystallites
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in the film can be estimated. The average grain sizes of CuAlO2 and CuO are
about 20 nm and 25 nm; the size of Al2O3 grains is calculated to be about 4
nm. However, since the peak of Al2O3 is very weak, it is possible that the full
width at half maximum of its peak intensity was underestimated, giving rise to an
inaccurate result of the grain size. The structure of the film may thus be proposed
as an aggregate of CuAlO2 and CuO grains of 20–30 nm in diameter, with fine
Al2O3 particles spread or embedded among them. An SEM image of the film
is given in Fig. 5.4. As being evidenced by the image, most parts of the film
surface are composed of relatively small particles (about 20 nm in diameter). EDX
over these part of the surface gives a Cu/Al atomic ratio of 0.95, close to 1 in
pure CuAlO2. EDX over the larger and brighter particles in Fig. 5.4 indicates an
overwhelming Cu content, suggesting that those are probably CuO particles.
As mentioned earlier, the hardness of copper aluminium oxide film might
be resulted from some extrinsic mechanisms which in turn are related to the mi-
crostructure of the film. However, before considering these microscopic factors,
two macroscopic properties of the film should be examined, namely the density
and stress state of the film. The way through which the density influences the
hardness of a material is quite straightforward: a denser material usually has fewer
pores than a looser one, thus may be more resistant to plastic deformation under
external force. The influence of residual stress on hardness has been widely re-
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Figure 5.4: SEM image of the typical sample
ported. Generally, high compressive residual stresses account for high hardness,
whereas tensile stresses lead to softer films [26]. The density of the typical sample
was measured and compared with other samples prepared under different condi-
tions. Hardness of the films with similar density varied greatly, indicating that the
density may not play an important role in the hardness change. Residual stress,
on the other hand, did influence the hardness of copper aluminium oxide films,
yet this influence is not so strong to have led to such an abrupt change between
the experimental and theoretical values of the mechanical properties. More details
about the comparison of the densities and stress states of copper aluminium oxide
films prepared at different growth conditions are provided in section 5.3.
From a microscopic point of view, hardness is a measure of material’s ability
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to restrict dislocation motion under a stress field. Various types of “obstacles”, ei-
ther alone or in combination, can be present in a crystalline or polycrystalline ma-
terial to enhance this ability, thus increase the hardness. The most commonly em-
ployed obstacles are internal boundaries (such as grain, sub-grain, or cell bound-
aries), solute atoms, and second-phase particles [27]. The effect of each kind of
obstacle may be different regarding the specific strengthening mechanism. In the
following part, the possibility and the effect of each mechanism on the strength-
ening of the copper aluminium oxide film are qualitatively evaluated.
Generally, three kinds of strengthening particles are observed: solid solute
atoms, small grains and large grains (or two-phase aggregates). The ways by
which they can effectively enhance the hardness are different. Solute atoms can
interact with a moving dislocation and disturb its motion. However, since the
maximum interaction is experienced with the atoms lying in close proximity to
the glide plane of a dislocation, it is only these atoms that need to be considered
in estimating the increase in material strength arising from the presence of solute
atoms. Small grains dispersed in a matrix can increase the material hardness re-
markably even when the dispersoid volume fraction is low. This is so because an
aggregate of atoms resist dislocation penetration to a considerably greater degree
than an isolated solute atom does. More specifically, dislocations pass through
substitutional atoms in approximately the form of a straight line, and the harden-
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ing per solute atom is weak; in the case of small grains, on the other hand, dis-
locations cannot pass through them and have to bow or break through the grains,
hence lead to a more notable increase in hardness. If the size and volume fraction
of each phase is comparable, the stress-strain behavior of the aggregate is ap-
proximated by a suitable average of the behavior of each phase. In addition, this
requires similar mechanical properties of different phases, otherwise the behavior
tends to approach that of the weaker phase.
In the current copper aluminium oxide film, three kinds of particles are ob-
served and the size and volume fraction of each phase are different. CuAlO2 and
CuO have grains of about 20 nm in diameters whereas Al2O3 grains are much
smaller, about 4 nm in diameter. Moreover, the theoretical hardness values of
CuAlO2 (2.2 GPa) and CuO (0.3 GPa) are much lower than that of Al2O3 (10.3
GPa). In view of these factors, it is most possible that the hardening of the film
is due to the Al2O3 particles. The fine Al2O3 grains may disperse throughout the
film and act as obstacles or pining points to the dislocation motion. Specifically,
Al2O3 grains may interact with dislocations through various mechanisms, such
as coherency hardening, modulus hardening, chemical strengthening and order
strengthening. Some interactions (e.g., coherency hardening) are long range in
nature whereas others (e.g., chemical strengthening) are only felt when the dislo-
cation and the grain are proximate. Each interaction could impose an extra energy
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to impede the dislocation motion and the total hardening effect could be the sum
of several or all of these energies. Although the volume fraction of Al2O3 par-
ticles may be small, still the effect can be considerable concerning their much
higher hardness. Maity et al [28] reported a great enhancement in hardness of
Al-5CuO composite by Al2O3 particles. They also found that finer Al2O3 parti-
cles are more effective in increasing the strength of the composite compared with
a similar volume fraction of coarse Al2O3 particles, similar to the observation in
the current work. Several models have been developed to explain and quantify the
mechanism of small grain hardening, however, a precise mathematical prediction
of a certain hardening effect may be difficult. More details about this hardening
mechanism are discussed in section 5.4.
Solute atom hardening has been observed in several metal composites. How-
ever, considering the environment of copper aluminium oxide film growth which
is usually oxygen-rich, together with the readiness of Cu and Al to react with oxy-
gen even at room temperature, it may be very difficult to have a large amount of
interstitial Al or Cu atoms in the film. Furthermore, no distinct peak related to Al
or Cu was observed in the XRD pattern, thus the solute atom mechanism may not
work in the current structure.
The grain sizes of CuAlO2 and CuO are similar, hence aggregate strengthen-
ing may take place between these two components. Considering CuAlO2 as the
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film matrix and CuO grains as strengthening particles, an empirical equation can
be used to represent this situation [27]:
Hc = VmEm +KcVpEp (5.5)
where Em, Vm and Ep, Vp are hardness and volume fraction of the matrix and
particle, respectively. Kc is an empirically determined constant whose value is
less than one. However, since the theoretical hardness value of CuAlO2 and CuO
are both low (less than 3 GPa), the aggregate hardness value would still be far
below that of the experimental value no matter what the volume fraction is. On
the other hand, the grain size of Al2O3 may be too fine to give rise to the film
hardness by aggregate strengthening.
To gain a deeper insight into the film structure and composition, SIMS was
carried out to make a depth profile analysis. The result of quantitative SIMS anal-
ysis of the typical sample is presented in Fig. 5.5. In the figure, totally four curves
are given, which represent the concentrations of Al, Cu, O and Si, respectively,
as a function of the sputtering time. As can be seen, the content of Si is very low
until about 200 s, a rise in the Si curve appears, which defines the film/substrate
interface. However, the curve does not change abruptly at the interface, suggesting
that inter-diffusion between the film and the substrate occurs, with migration of Si
towards the film and Cu and Al diffusing inwards; this may account for the good
adhesion of the film. The content of O is nearly constant with sputtering time,
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Figure 5.5: Depth profile of the typical sample by SIMS
indicating that the oxygen distribution in the film is uniform. The intensity of Cu
curve is quite stable throughout the film thickness, then decreases gradually at the
interface. This suggests that the film composition is homogeneous. Since the con-
centration of Cu in CuAlO2 and CuO is different, the distribution of CuAlO2 and
CuO grains must be both uniform throughout the whole film to achieve such a sta-
ble curve in the depth profile. The content of Al is not so uniform and two broad
peaks near the film surface and film/substrate interface can be observed, which
may be attributed to the difference between the surface energies of Al and Cu. It
has been reported that in bulk CuAlO2, Cu/Al ratio on the surface was found to be
about 0.25, which clearly showed preferential segregation of low surface energy
Al (1200 mJ/m2) to the surface in contrast to Cu (1850 mJ/m2) [29]. On the other
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Figure 5.6: AFM image of the typical sample, the Z scale is 100 nm
hand, no abrupt change in the Al curve is found, this may be another evidence
for the presence of small Al2O3 grains since large Al2O3 grains may substantially
increase the Al content in some areas and give rise to sharp peaks in the curve.
The results of SIMS can be regarded as a further confirmation of the previously
proposed film structure which consists of large CuAlO2 and CuO grains and fine
Al2O3 grains.
Fig. 5.6 gives a representative three-dimensional (3D) surface image of the
90
5.2. TYPICAL MECHANICAL BEHAVIOR
sample, which was obtained with a scan size of 2 µm×2 µm and a scan rate of
1 Hz. The film has a homogeneous distribution of mounds of about 100 nm in
diameter, which may be aggregates of CuAlO2 and CuO grains as suggested by
the SIMS result. The Root Mean Square (RMS), a measure of the film surface
roughness, is measured to be 5.45 nm, indicating that the surface of this film is
quite smooth.
In polycrystalline materials, grain boundary is another particularly effective
obstacle to dislocation motion, as crystallographic factors do not permit the pas-
sage of a dislocation from one grain to an adjacent one through a grain boundary.
On geometrical considerations, boundaries are expected to provide stronger ob-
stacles to dislocation motion than line defects (i.e., dislocations) or point defects
(e.g., solute atoms), since the intersection of a surface with a slip plane is a line
rather than a point. Hence, a surface such as a grain boundary impedes dislocation
motion along its entire slip plane length, and this provides a greater resistance to
slip than isolated obstacles on the slip plane. A number of models have been put
forth to describe how grain boundaries harden a material and the most frequently
used one is the so-called Hall-Petch relation [27]:
σy = σ0 + kyd
−1/2 (5.6)
where σy is the yield strength of material and is generally related to hardness by
H = 3σy; σ0 is the intrinsic stress, which is independent of grain size d; and
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ky is a material constant. It should be noted that the essential physics of grain
size strengthening is contained in this equation; that is, if the grain size is larger, a
greater stress concentration is developed in the adjacent grain, and thus the applied
stress needed to activate plastic flow in this grain is relatively low, and vice versa.
It is considered that grain boundary hardening generally takes place in poly-
crystalline materials with grain sizes less than 100 nm (in materials with larger
grains, other effects may dominate). The current film is composed of grains of 20
nm–30 nm in diameter, thus the grain boundary hardening may occur. However,
some other films with similar grain sizes appear to be much softer than this typi-
cal sample (more details in section 5.3), suggesting that the grain boundary effect,
although may take effect, perhaps is not the major reason for the hardening of this
sample. Instead, the fine Al2O3 grains could contribute to a large σ0 in Eq. 5.6,
thus lead to a high total strength.
In this section, the typical mechanical behavior of copper aluminium oxide
thin film is described. The typical sample has a hardness value about 6.9 GPa,
more than 3 times higher than the predicted theoretical values of CuAlO2 and
CuO single crystals. Upon analyzing the film composition and microstructure, it
is believed that the fine Al2O3 grains may play an important role in strengthen-
ing the film, whereas grain boundary hardening may also take effect. A similar
film structure has been observed in other materials [30] and it is proposed that the
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addition of nanometer-sized particles to a host matrix can be used to modify the
properties of the matrix material or even achieve excellent properties which could
not be expected from separate phase [31]. Thus it is possible that the introduc-
tion of Al2O3 nano-particles to copper aluminium oxide films may result in films
with high mechanical strength. Such mechanical properties can be beneficial in
a wide range of applications of TCOs, such as display panel, solar cell windows,
transparent conducting electrode (TCE), which necessitate long lifetimes and high
durability [32].
93
5.3. EFFECT OF DIFFERENT GROWTH CONDITIONS
5.3 Effect of Different Growth Conditions on the Me-
chanical Properties
Growth condition plays an important role in a CVD process. A change in growth
condition usually has a direct impact on the composition and microstructure of the
product. In some cases, a slight variation in the growth condition may even lead to
totally different material behaviors. In this section, the effect of two growth con-
ditions (i.e., substrate temperature and Cu/Al ratio) on the mechanical properties
of copper aluminium oxide thin films was investigated.
5.3.1 Effect of different substrate temperatures
The substrate temperature has been reported to be a crucial factor governing the
mechanical properties of thin films [26, 33]. In the current work, experiments
have been carried out to investigate the effect of different substrate temperatures
on the mechanical behavior of copper aluminium oxide thin films. The substrate
temperature was increased from 500 ◦C to 750 ◦C, with an interval of 50 ◦C,
while the oxygen flow was kept at 30 sccm, Ar flow at 20 sccm, working pressure
at 6×10−2 torr, plasma power at 50 W and Cu/Al ratio in the precursors at 1.
The thickness of the films increased from 350 nm to 520 nm as the substrate
temperature increased from 500 ◦C to 750 ◦C. Fig. 5.7 presents the film growth
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Figure 5.7: Growth rate versus inverse of substrate temperature of the films
rate as a function of the inverse of substrate temperature within the range of 500–
750 ◦C. The results show that the film growth rate increased gradually from 0.085
nm/sec to 0.124 nm/sec as the substrate temperature increased. This indicates
that the film growth could be related to chemical kinetics, which obeys Arrhenius
law [34]:
γgrow = A exp(−EA/RT ) (5.7)
where γgrow is the growth rate and EA is the apparent activation energy, R is the
gas constant, and T is the substrate temperature. In the figure, the growth rate is
not strictly exponential with the inverse of temperature. This may be due to the
error in thickness measurement and other factors affecting the film growth.
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Figure 5.8: Effect of substrate temperature on film mechanical properties: (a) hardness versus
substrate temperature; (b) elastic modulus versus substrate temperature
According to the measured film thickness, the hardness and elastic modulus
of each film were determined from the nanoindentation load-displacement curves
by using the Oliver and Pharr’s method [6] and the 10% rule of thumb [3].
The mechanical properties of the films were plotted as a function of the sub-
strate temperature and illustrated in Fig. 5.8. As the substrate temperature in-
creased from 500 ◦C, there is a nearly linear decrease of the film hardness until
the temperature reached 700 ◦C (Fig. 5.8 (a)). The evolution of elastic modulus
(Fig. 5.8 (b)) is not as regular as that of hardness, however, a similar trend of
decrease can also be readily observed. The hardest film (prepared at a substrate
temperature of 500 ◦C) exhibits a hardness value of 12.1 GPa, close to that of the
quartz substrate, which was measured to be 15.3 GPa. The softest film (prepared
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at a substrate temperature of 750 ◦C) has a hardness value of only 0.5 GPa, more
than 20 times lower than that of the hardest one. The gap between the elastic mod-
uli of these two samples is not so distinct: 120.1 GPa for the former and 41.8 GPa
for the latter. The difference between the evolutions of hardness and elastic modu-
lus may be explained as the following. According to Eq. 3.5 and Eq. 3.8, hardness
is directly extracted from the area of indent impression which is constrained in
the film unless the indenter tip reaches the film/substrate interface; elastic modu-
lus, nevertheless, depends on the contact stiffness (S), which is always influenced
by the substrate because of the long range elastic field. Hence, this “substrate-
dependent” S may account for the irregular trend of elastic modulus change.
X-ray diffraction was carried out to characterize the structure of the films (see
Fig. 5.9). The XRD patterns of the samples reveal that all the films are of poly-
crystalline structure and the diffraction peaks may be assigned to different phases
of CuAlO2, CuO and Al2O3. A detailed diffraction peak list is given in Table. 5.2.
For substrate temperatures below 650 ◦C, the XRD spectra show a small peak at
52◦ corresponding to the diffraction of Al2O3 (024). Here, one might again expect
that the existence of Al2O3 fine grains accounts for the relatively higher hardness
as discussed in the previous section. However, in the current case, Al2O3 may not
be the only hardening particle since it is also possible that a metastable phase of
CuAlO2 acts as the hardening particle. As can be seen from the XRD pattern
97
5.3. EFFECT OF DIFFERENT GROWTH CONDITIONS


















2   (Degree)
500 C
Figure 5.9: XRD patterns of films prepared at different substrate temperatures
Table 5.2: XRD peak list of films prepared at different substrate temperatures
Phase 2θ (◦) (hkl) d-spacing (A˚)
CuAlO2 31.696 (006) 2.8229
CuAlO2 36.720 (101) 2.4474
CuAlO2 38.447 N/A 2.9400
CuAlO2 42.316 (104) 2.1358
CuO 46.260 (112) 1.9609
Al2O3 52.531 (024) 1.7406
CuO 68.125 (220) 1.3753
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of the film grown at 500 ◦C, a peak at 38◦ suggests the existence of β-CuAlO2,
a metastable phase of CuAlO2. When the substrate temperature increased to 550
◦C, this peak became broader and new peaks at 42◦ and 68◦ appeared. As the tem-
perature kept increasing, the peak of β-CuAlO2 vanished. According to the PDF
file (PDF number: 21-0276), β-CuAlO2 is a metastable phase of CuAlO2 and de-
composes at 360◦. It is possible that the β phase of CuAlO2 is easier to form than
the rhombohedral phase at a low substrate temperature. As the temperature went
up, the β phase might decompose according to the following reactions [35]:
2CuAlO2 → Cu2O+Al2O3 (5.8)
2Cu2O+O2 → 4CuO (5.9)
One peak at 68◦ which is related to CuO was resolved in the films grown at temper-
atures higher than 550 ◦C. This may be the proof of such an assumption. Another
possibility is that β-CuAlO2 might convert to rhombohedral CuAlO2 at higher
temperatures, as evidenced by the peak at 42◦, which is not observed in the film
prepared at 500 ◦C.
It has been reported that different mechanical behaviors may exist in crystals
with different orientations or structures. Sikder et al [8] found that Cu films ex-
hibited different hardness for different crystal orientations. Matsumuro et al [36]
reported that great anisotropy of the mechanical properties existed in TiN films
with different oriented crystallites. In the current case, it is also possible that β-
99
5.3. EFFECT OF DIFFERENT GROWTH CONDITIONS



















Figure 5.10: XRD patterns of Cu-Al-O films before and after annealing. “500 ◦C” and “550 ◦C”
denote as-deposited films, “a500 ◦C” and “a550 ◦C” denote films annealed at 400 ◦C
CuAlO2 is much harder than other phases of CuAlO2, therefore leads to higher
hardness for samples containing such a phase (i.e., 12.1 GPa and 9.9 GPa for the
two films prepared at 500 ◦C and 550 ◦C). To shed light on the influence of β-
CuAlO2 on the film mechanical behavior, these two samples were subjected to
rapid thermal annealing. The films were annealed in atmosphere for 20 minutes
at a temperature of 400 ◦C, slightly higher than the decomposition temperature
of β-CuAlO2. As can be seen from Fig. 5.10, after annealing, no new diffraction
peak was resolved in the XRD patterns and the peak at 38◦ nearly vanished, indi-
cating that this peak may really originate from β-CuAlO2; on the other hand, the
diffraction peaks of other phases remained almost unchanged. Nanoindentation
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was then performed on the annealed films and the film hardness was measured
to be 11.9 GPa and 8.3 GPa, close to the values measured prior to the annealing.
The slight decrease may be due to the grain growth or impurity reduction during
the annealing process. Since these hardness values are still much higher than that
of CuAlO2 (2.2 GPa), it is considered that the β-CuAlO2 grains do not have a
distinct effect on the hardening of the films, hence Al2O3 might be regarded as the
only strengthening particle in the films.
Compared with the diffraction peaks of CuAlO2 and CuO, those of Al2O3
are relatively weaker, suggesting that the Al2O3 grains may be very fine and these
films may have a similar structure with the typical sample. As proposed in the pre-
vious section, the fine Al2O3 grains may distribute in the voids and grain bound-
aries and effectively impede the growth and motion of dislocations, cracks, and
grain boundaries, thus enhance the film hardness. At substrate temperatures of
700 ◦C and 750 ◦C, the Al2O3 peak vanished and the hardness decreased to 0.6
GPa and 0.5 GPa, close to that of CuO, which was calculated to be 0.3 GPa. With-
out the strengthening effect of Al2O3 grains, the hardness could be a compromise
between the mechanical properties of CuAlO2 and CuO. Since the plastic defor-
mation generally tends to originate from a weaker phase, the hardness of these
two samples approached that of CuO.
Although the films prepared at substrate temperatures lower than 650 ◦C may
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Table 5.3: EDX results of Cu-Al-O films prepared at different substrate temperatures, r denotes
the Cu/Al ratio in the films measured by EDX
Temperature Cu (at%) Al (at%) O (at%) Si (at%) r
500 ◦C 2.14 2.52 68.51 26.83 0.849
550 ◦C 2.08 2.28 63.27 32.37 0.912
600 ◦C 2.12 2.24 59.89 35.75 0.946
650 ◦C 2.39 2.54 55.70 39.36 0.940
700 ◦C 3.27 3.01 56.31 37.41 1.086
750 ◦C 6.41 5.94 55.83 33.81 1.079
share the same microstructure, their hardness decreases nearly linearly with the
substrate temperature. Several mechanisms could be considered to contribute to
this drop.
Firstly, it is suggested that finer Al2O3 particles could be more effective in
strengthening the composite than a similar volume fraction of larger ones. If the
particles are much larger, their distribution may be uneven. Upon loading, the
uneven distribution of Al2O3 may cause uneven plastic deformation in the film.
Some parts of the film may crack earlier than the rest parts, consequently results
in poorer mechanical strength. According to the XRD patterns, the Al2O3 grains
in the films are all very fine, hence it seems that the difference in hardness may
not be due to an increase of the Al2O3 grain size.
Secondly, the volume fraction of Al2O3 in the films may be different. Al-
though the nominal Cu/Al atomic ratio (r0) was kept at 1 in the precursors, the
ratio (r) in each film may somehow be different. EDX result (see Table 5.3)
shows that the Cu/Al ratio in the films keeps increasing with the substrate tem-
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perature. It is possible that during the film growth process, Al is easier to react
with oxygen and forms more reaction centers on the surface than Cu does be-
cause of its lower surface energy than Cu. As the substrate temperature increases,
the atoms on the surface may acquire more thermal energy and move on the sur-
face more freely, thus more Cu atoms obtain enough energy to participate in the
reaction and the number of Cu reaction centers increases. Meanwhile, the num-
ber of Al reaction centers does not increase distinctly because nearly all of the Al
atoms have already taken part in the reaction at a lower temperature. Furthermore,
UV-visible measurement shows a decrease of film transmittance from more than
80% to about 50% with the increasing substrate temperature, this also indicates
a rise in Cu/Al ratio. Consequently, notwithstanding the similarity in the Al2O3
grain sizes, the total Al2O3 volume fractions may be reducing with the increasing
substrate temperature, thus leads to a decrease of hardness.
Thirdly, it should be taken into consideration the particle size effect, which
is depicted by the Hall-Petch relation (Eq. 5.6). It is frequently reported that film
hardness increases inversely with grain or particle size [26, 37]. On a nanoscopic
scale, the formation of dislocations in the grains is relatively rare so that grain-
boundary sliding instead of dislocation motion across grain boundaries is sup-
posed to account for the plastic deformation, and a larger boundary area leads to
higher hardness. As illustrated in Fig. 5.11, the average particle sizes of the films
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Figure 5.11: AFM images of Cu-Al-O films prepared at different substrate temperatures: (a) 500
◦C, (b) 550 ◦C, (c) 600 ◦C, (d) 650 ◦C, (e) 700 ◦C, (f) 750 ◦C; the Z scales of all the images are
100 nm
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increase monotonously with the substrate temperature. These particles may be
either isolated grains of CuAlO2 and CuO or aggregates of several such grains.
For films prepared at substrate temperatures below 600 ◦C, the particle sizes are
relatively small (lower than 100 nm in diameter) and the difference among them
is moderate. As the temperature increased up to 650 ◦C, the particle sizes rose
much more rapidly. Especially, the film grown at 750 ◦C has very large particles
about 500 nm in diameter, which may be the reason for its ultra-low hardness.
The last factor to be considered is the stress state in the films. It is gener-
ally considered that high compressive residual stresses account for high hardness
values, whereas tensile stresses lead to softer films [26]. The reported thermal
expansion coefficients of CuAlO2 and CuO are both about 4.0×10−5/K and that
of the rigid quartz substrate is about 7.1×10−6/K [25]. Due to the higher ther-
mal expansion of the films, the thermal expansion mismatch between the film and
the substrate then contributed to the formation of tensile stresses in the films af-
ter cooling from the growth temperature. A higher substrate temperature tended
to result in a larger tensile stress, thus lowered the hardness. However, since the
films prepared at 700◦C and 750◦C have similar hardness, the stress state may
only have a moderate influence on the film strength.
To obtain a better understanding of the relationship between the film mechani-
cal properties and film surface morphology and microstructure, the surface energy
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of the samples were measured by the contact angle method. According to Owens
and Wendt [38], the surface energy of a solid can be resolved into contributions
from dispersion and polar forces. Dispersion force contains the Keesom forces
arising from the molecules with permanent dipoles, Debye forces being caused
by a molecule polarization, and London dispersion forces arising from instanta-
neous dipoles produced by the motion of electrons within molecules. Polar force
is induced by dipole-dipole interaction. Following these concepts and Young’s
equation (Eq. 3.10), the harmonic-mean method can be used to determine the
solid surface energy from contact angle measurements [39]:

















where γlv = γdlv + γ
p
lv and the superscripts d and p refer to the dispersion and
polar components, respectively. When two different liquids, whose values of γdlv
and γplv are known, are used in the contact angle measurement, the dispersive
and polar components of the solid surface energy can be obtained by solving two
simultaneous equations.
In the current study, water and formamide were used as test liquids. Dis-
persion force and polar force are 21.8 erg/cm2, 51.0 erg/cm2 for water and 39.5
erg/cm2, 18.7 erg/cm2 for formamide, respectively. Surface energies of the copper
aluminium oxide films are listed in Table 5.4 (results for the film grown at 500 ◦C
is not presented due to poor adhesion). It can be easily observed that the surface
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Table 5.4: Surface energies and surface roughness factors of the films grown at different substrate
temperatures
Substrate Temperature (◦C) 550 600 650 700 750
Dispersion (Dyne/cm) 60.26 68.22 142.46 157.66 173.95
Polar (Dyne/cm) 0.12 4.18 28.68 37.42 44.99
Total Energy (Dyne/cm) 60.39 72.40 171.14 195.09 218.94
Roughness factor 1.03 1.06 1.08 1.36 1.25
energies of the films increase with the substrate temperature. The dispersion part
changes gradually from 60.26 Dyne/cm to 173.95 Dyne/cm; the polar part, on the
other hand, experiences a much more abrupt change. It has been proposed that the
surface roughness (r) may influence the surface energy as depicted by Wenzel’s
equation [40]:
r(γsv − γsl) = γlv cos θ (5.11)
where r is defined as the ratio of the real and apparent surface areas. The rough-
ness of each film was calculated from the AFM images and listed in Table 5.4. It
can be seen that there is no great difference among the roughness factors of the
films and the evolution of r does not accord with that of surface energy. Thus in
the current study, the change of surface energy was mainly due to the change of
surface composition and microstructure.
It was believed that for oxide films, the surface energy was highly dependent
on the negative charge density on the film surface. The negative charge density, in
turn, is related to the electronegativity of the element directly bound to the oxygen
atom; that is, the larger the electronegativity difference between the oxygen and
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metal atoms, the larger the surface energy [41]. In the current case, Cu and Al are
the elements that directly bound to O atoms. The electronegativity values of Al,
Cu and O are 1.5, 1.9 and 3.5, respectively, and the electronegativity difference
between Al and O is 2.0, larger than 1.6 between Cu and O. As a result, this may
lead one to consider that samples grown at lower substrate temperatures would
have higher surface energies due to their larger Al content, contrary to the results
extracted from contact angle measurements. However, considering the ultra fine
grain size of Al2O3, this seeming paradox may be understandable. As can be seen
from the AFM images (Fig. 5.11), the film surfaces are composed of many large
particles which may be aggregates of CuAlO2 or CuO grains. The fine Al2O3
particles may scatter in the gaps between these large particles. When a liquid is
dropped on the film surface, it spreads and contacts well with the large particles.
On the other hand, since there is air in the gaps, it is difficult for liquid to fully
wet the fine Al2O3 grains. The gas/liquid interface left in the gaps then leads to
a reduced value of surface energy. When the substrate temperature increases, the
CuAlO2 and CuO grains become larger and fewer gaps are present on the surface
as illustrated in Fig. 5.12. Then the liquid can wet the film surface more easily
and result in a larger surface energy value. It has been reported that films with a
smaller polar part of surface energy might have higher hardness than those with
a larger polar part [42], yet theoretical explanation of the relation between the
surface energy and hardness is presently unavailable. Nevertheless, the contact
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Figure 5.12: Effect of substrate temperature on surface energy: (a) low substrate temperature; (b)
high substrate temperature
angle measurement provided a further evidence of the previously proposed film
microstructure in which the Al2O3 grains act as strengthening particles. The de-
crease of the number of gaps containing Al2O3 grains correlates with a reduction
of the film hardness.
It may be temporarily concluded here that the decrease of film hardness with
substrate temperature comes from a ternary effect of grain growth, reduced Al2O3
content and higher tensile stress. However, the significance of each factor might
be different. More details are addressed in the next section.
5.3.2 Effect of different Cu/Al ratios
Stoichiometry is another factor that may influence the mechanical properties of
thin films. The Cu/Al molar ratios in the films were controlled by varying the
Cu/Al molar ratios in the CVD precursors (r0). As r0 increased gradually from
1 to 3, a series of films with different Cu/Al ratios were obtained. Other process
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Table 5.5: EDX results of Cu-Al-O films prepared with different Cu/Al ratios in the precursors;
r0 denotes the Cu/Al ratio in the precursors, and r denotes the Cu/Al ratio measured by EDX
r0 Cu (at%) Al (at%) O (at%) Si (at%) r
1.0 2.12 2.24 59.89 35.75 0.95
1.2 5.30 4.80 57.02 32.88 1.10
1.5 8.32 5.65 54.70 31.33 1.47
3.0 5.38 2.43 55.91 35.28 2.21
parameters were kept constant (i.e. substrate temperature at 600 ◦C, oxygen flow
at 30 sccm, Ar flow at 20 sccm, working pressure at 6 × 10−2 torr, and plasma
power at 50 W). EDX was then carried out to measure the practical Cu/Al ratio
(r) in the as-deposited films. The results are presented in Table 5.5.
It can be readily observed that for all the samples, r is lower than r0. As
mentioned in the previous section, Al has a lower surface energy than Cu and
tends to aggregate on the film surface, this may be the reason why EDX revealed
a lower Cu/Al ratio in the films than that in the precursors. Another possibility is
that Cu and Al may have different reaction activity, i.e., Al tends to be more active
than Cu during the growth process, thus the content of Al is slightly higher in the
films than in the precursors.
The mechanical properties of the films with different Cu/Al ratios are shown
in Fig. 5.13. As the ratio of Cu to Al increased from 1.0 to 1.2, there is an abrupt
decrease of the hardness from 6.9 GPa to 0.2 GPa, then the hardness decreases
gradually. The lowest hardness was measured as 0.1 GPa for the film prepared at
a Cu/Al ratio of 3.0 in the precursors. Since the densities of the films are in the
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Figure 5.13: Effect of Cu/Al ratio on film mechanical properties: (a) hardness versus Cu/Al ratio;
(b) elastic modulus versus Cu/Al ratio
same order (all in the order of 1×104 g/cm3 as measured by the electronic balance
with high sensitivity up to 20 g/cm3) and the stress states in the films are similar
because of the same substrate temperature employed, it is believed that the film
structure contributes to the different mechanical behaviors.
XRD spectra of the films with different Cu/Al ratios are given in Fig. 5.14.
The diffraction patterns are similar to those listed in Table 5.2 except that in the
film with a Cu/Al ratio of 3.0, a peak at 43◦ is resolved which indicates the pres-
ence of Cu. This may be resulted from the superabundance of Cu precursor. Dur-
ing the CVD process, some Cu atoms did not have enough time to be oxidized
and remained in the film as Cu crystallites.
It has been proposed in the previous section that fine Al2O3 grains may act as
111
5.3. EFFECT OF DIFFERENT GROWTH CONDITIONS





















Figure 5.14: XRD patterns of Cu-Al-O films prepared at different Cu/Al ratios
Table 5.6: Grain sizes of Cu-Al-O films prepared with different Cu/Al ratios in the precursors; r0
denotes the Cu/Al ratio in the precursors
r0 CuAlO2(006) CuAlO2(101) CuAlO2(104) Cu(111) CuO(112)
1.0 N/A 15.76 nm 24.69 nm N/A 25.26 nm
1.2 15.30 nm 18.40 nm 23.48 nm N/A 29.66 nm
1.5 19.84 nm 10.93 nm 23.83 nm N/A 33.56 nm
3.0 19.03 nm 17.54 nm 26.26 nm 22.62 nm 30.84 nm
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strengthening particles to enhance the film’s resistance to plastic deformation. In
the current case, Al2O3 is only present in the film with a Cu/Al ratio of 1.0 and
the Al2O3 peak vanishes in the over-stoichiometric films, which may be a result
of Cu abundance. Hence, the structure of the over-stoichiometric films may be
considered as free of Al2O3 and their hardness may come from a compromise
between that of CuAlO2, CuO and Cu. Since CuO is probably the weakest phase
in the composite, the hardness of the composite approaches that of CuO.
The grain sizes of different phases in the films were calculated by employing
Scherrer’s formula and the results were listed in Table 5.6. As can be seen, the
films are all composed of grains of 15 nm–30 nm in diameters and the variation of
average grain size with stoichiometry is moderate, suggesting that the grain size
effect on the film hardness is insignificant.
SEM images of the films are given in Fig. 5.15. As can be seen, the film
prepared at r0 = 1 is composed of very small particles which are compactly
arranged. The particle size is about 20 nm, close to the grain size calculated
from the XRD pattern. The bright particles scattered on the film surface may be
regraded as aggregates of CuO grains since EDX revealed an overwhelming Cu
content in such particles. When the Cu/Al ratio increases, the particles become
larger. The average particle sizes of the over-stoichiometric films reach about 100
nm, nearly 5 times larger than that of the standard stoichiometric one. In addition,
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Figure 5.15: SEM images of Cu-Al-O films prepared at different Cu/Al ratios: (a) r0 = 1.0; (b)
r0 = 1.2; (c) r0 = 1.5; (d) r0 = 3.0; r0 denotes the Cu/Al ratio in the precursors.
with the increasing Cu/Al ratio, the film structure becomes looser and more void
areas are present in the film. Particularly, the structure of the film prepared at
r0 = 3.0 (Fig. 5.15 (d)) is much looser than the other films and the particle spacing
is very large. Upon loading, these large void areas may shrink under a stress far
lower than the critical stress of the neighboring grains and facilitate the plastic




As mentioned in the preceding sections, the strength of a crystalline material can
be enhanced by various obstacles that restrict the dislocation motion within it.
Most materials are usually hardened by more than one mechanism and the total
hardening can be approximated as the sum of the strength contributions resulting
from separate obstacles. In the current study, film characterizations revealed that
the strength of copper aluminium oxide thin films was also resulted from a collec-
tive effect of several strengthening mechanisms, though the significance of each
mechanism might be different.
Generally, in a polycrystalline material, the following hardening mechanisms
are considered:
1. Solid solution hardening
Solute atom increases the strength of a material by interacting with a dislo-
cation moving in the near proximity to it. Introduction of a substitutional solute
atom into a crystal produces a lattice dilation that typically gives rise to a spheri-
cally symmetric stress field around the solute. The resultant stress field interacts
with that of a dislocation, giving rise to a solute atom-dislocation interaction en-
ergy, which is influenced by both the size and modulus of the solute atom. The
dislocation motion is thus retarded by this extra energy.
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Fleischer [43] estimated the yield strength increment due to “conventional”








where G is the shear modulus, εS is a size parameter which depends on the differ-
ence between the solute atom and the matrix, and c is the solute atom concentra-
tion. Generally, the numerical constant in the solid-solution hardening equation is
small, indicative of the generally weak hardening associated with solid-solution
strengthening.
Such a hardening effect has been observed in several metal composites [27].
However, for the copper aluminium oxide films, this mechanism does not seem to
work in the film strengthening. Taking into consideration the environment of film
growth which is usually oxygen-rich, together with the proneness of Cu and Al
to react with oxygen even at room temperature, the formation of separate Cu or
Al solute atoms in the film might not be favored. Until now, no one has reported
the discovery of such solute atoms in copper aluminium oxide films fabricated
by CVD, PVD or other methods. Hence it is considered that the solute atom
mechanism may not work in the copper aluminium oxide thin films.
2. Particle hardening
Small particles of a second phase dispersed in a matrix can markedly increase
the matrix strength even when the dispersoid volume fraction is low. The degree
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of strengthening provided by a particle dispersion depends on a number of factors
including the particle size, volume fraction, particle shape, and the nature of the
boundary between the particle and the matrix. In general, there are several ways
by which a matrix can be hardened by a dispersion of particles through which
dislocations pass:
Coherency hardening
Precipitate coherency hardening is analogous to the size effect in solid solu-
tion hardening. Here, coherency means that the atomic bonds match up across
the particle and matrix interface. A precipitate ordinarily has an atomic volume
different from the matrix, thus if the precipitate is coherent, this leads to an in-
ternal lattice strain. The associated stress field interacts with dislocations, either
attracting or repulsing them and both situations result in an increase in strength.










where r is the precipitate radius and εcoh is analogous to the size parameter of
solid-solution strengthening, f is the particle concentration and b is the Burgers
vector.
Modulus hardening
When a dislocation enters a precipitate having a shear modulus different from
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that of the matrix, the dislocation tension is altered and modulus hardening is
activated. The physics here is analogous to solid-solution strengthening and the









Here, the proportionality constant εGp denots the difference between shear moduli
of the particle and matrix.
Chemical hardening
When a dislocation passes through a particle, an additional particle-matrix
interface is formed. Since there is a surface energy associated with such an in-
terface, work must be done by the process. This type of strengthening is called









where εch is dependent on the difference between surface energies of the particle
and matrix.
Order hardening
Order hardening is another way by which surface energy can contribute to
particle hardening. Here, the extra energy comes from the surface energy change
within the particle itself and is called an anti-phase boundary energy (APBE).
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Here, εord is the difference between energies of various phases within the particle.
The total effect of particle strengthening is a sum of the above four hardening
mechanisms. It should also be noticed that the numerical constants in Eq. 5.13–
Eq. 5.16 are much larger than that in Eq. 5.12, indicating that the hardening effect
of small particles is more distinct than that of solute atoms.
As revealed by the XRD patterns, the copper aluminium oxide films in the
current study are mainly composed of CuAlO2 and CuO grains. The grain sizes,
determined by Scherrer’s formula, are about 20 nm–30 nm. In the films with
relative high hardness values (more than 2 GPa), another peak at 52◦ indicating
Al2O3 can be observed and this peak is weak, suggesting that the Al2O3 grains
may be very fine. Considering the high hardness value of Al2O3 (more than 10
GPa), it is proposed that the fine Al2O3 grains may act as hardening particles
in the copper aluminium oxide films. Structure characterizations showed that the
distribution of Al in the film is uniform throughout the whole film thickness. From
a microscopic point of view, it may be proposed that the Al2O3 grains are present
in the voids and gaps between CuAlO2 and CuO grains. Upon loading, these fine
grains could act as pining points or obstacles and effectively impede the formation




Some groups have reported that different mechanical behaviors might exist
in crystals with different structures. In the current case, it is also possible that β-
CuAlO2, a metastable phase of CuAlO2, acts as the strengthening particle because
this phase is found in some films with very high hardness values (more than 9
GPa). Thermal annealing at 400 ◦C was then carried out to eliminate the influence
of such phase since the decomposition temperature of β-CuAlO2 is about 360 ◦C.
Subsequent nanoindentation tests showed that the film mechanical properties did
not change much, indicating that the β-CuAlO2 phase does not play an important
role; thus Al2O3 may be the only effective strengthening particle in the films.
Furthermore, EDX results show that the film strength increases inversely with the
Cu/Al ratio in the films (Table 5.3), implying that a larger Al2O3 volume fraction
could give rise to a higher film strength.
It is proposed that the addition of nanometer-sized particles to a host matrix
can be used to modify the properties of the matrix material or even achieve ex-
cellent properties which could not be expected from separate phase [31]. Such
nano-particle reinforced composite materials have been widely used in industrial
applications, eg. electronic package casings, superconducting wires, etc [44]. In
particular, the hardening effect of Al2O3 nano-particles has been widely recog-
nized and realized in many other materials [28]. In the current case, it is possible
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that the introduction of Al2O3 nano-particles to copper aluminium oxide films
may result in films with high mechanical strength. A wide range of applications,
such as display panel, solar cell windows, transparent conducting electrode (TCE),
etc., with long lifetimes and high durability would require TCO films with such
mechanical properties.
3. Aggregates hardening
Aggregates differ from particle-strengthened materials in that the volume frac-
tions or the particle sizes of the phases are comparable in an aggregate. Further, in
many aggregates the microstructural scale is coarse enough for phase interactions
to be neglected in discussing their mechanical behavior. For this situation, the
deformation response is approximated by a suitable averaging of the behavior of
the individual phases as depicted by Eq. 5.5. Moreover, if the strength of various
phases differs too much, the aggregate mechanical properties may follow that of
the weaker phase because it generally yields before the stronger phase.
CuAlO2 and CuO are two main components of the copper aluminium ox-
ide films and have similar grain sizes, thus aggregates hardening may take place
between these grains. According to the calculation in section 5.2, the hardness
values of CuAlO2 and CuO are 2.2 GPa and 0.3 GPa, respectively. Experimental
results by nanoindentation (Fig. 5.8) show that the hardness values of the films
which only contain these two components lie well in this range, qualitatively ac-
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cord with the prediction of Eq. 5.5. In addition, EDX reveals that films prepared
at different substrate temperatures exhibit different Cu/Al ratios and a higher Cu
content in the film results in a lower hardness value, indicating an increasing hard-
ness contribution from the relatively weaker CuO grains.
4. Boundary hardening
The effect of grain boundaries on yield strength is related to the activation of
simultaneous slip in adjacent grains in a polycrystal. Grain boundaries are par-
ticularly effective obstacles to dislocation motion, as crystallographic factors do
not permit the passage of a dislocation from one grain to an adjacent one through
a grain boundary. Prior to macroscopic yielding, microscopic yielding can occur
in a grain having slip systems oriented favorably with respect to the stress axis.
As a result, dislocations within such a grain pile up against the grain boundary
separating it from an adjacent grain not so favorably oriented. Macroscopic yield-
ing occurs when dislocation motion is activated in such adjacent grains. This can
be effected by the emission of dislocations from the grain boundary or, alterna-
tively, the dislocation pileup at the boundary in the deforming grain can produce a
stress concentration sufficient to activate slip in the non-deformation grains. This






= τ ∗ (5.17)
where τapp is the applied shear stress at which the activation occurs, τ0 is the
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intrinsic stress resisting dislocation motion in the deforming grain, (d/4r) repre-
sents the stress concentration arising from the pileup, and τ ∗ is the stress required
to activate dislocation motion in the unfavorably oriented grain. Rearrangement of
Eq. 5.17 leads to the Hall-Petch equation (Eq. 5.6) which predicts that if the grain
size is large, a greater stress concentration is developed in the adjacent grain, and
thus the applied stress needed to activate flow in this grain is relatively low, and
vice versa.
For boundaries other than grain boundary (e.g., cell boundary, particle bound-
ary, subboundary, etc.), the Hall-Petch relation also works. However, since these
boundaries are not completely impenetrable by dislocations, their strengthening
effect is not so strong as that of grain boundary.
As revealed by the XRD patterns, the grain sizes of the copper aluminium
oxide films prepared at different growth conditions are all in the range of 20 nm–
30 nm. Thus the grain size effect does not seem to account for the difference
among the film strength. On the other hand, AFM (Fig. 5.11) and SEM (Fig. 5.15)
images suggest that the films are mostly composed of relatively large particles of
several hundred nanometers in diameters, which may be regarded as aggregates
of CuAlO2 and/or CuO grains. These particle boundaries, though may be not
as strong as the grain boundary, should be taken into consideration to reach a
comprehensive understanding of the film strengthening mechanism. In the case of
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films prepared at different substrate temperatures, it can be readily seen that film
hardness increases inversely with the particle size. This trend is not so distinct in
films prepared with different Cu/Al ratios, but the film with the highest hardness
also exhibits the smallest particle size. However, due to the weak nature of the
particle boundaries, it should be noted that the particle size effect might be just
moderate compared with the Al2O3 particle hardening effect. As illustrated in
Fig. 5.11 (a), (b), and (c), the particle sizes of these films are nearly the same, yet
the film hardness values decrease from 12.1 GPa to 6.9 GPa. Such a large gap
could not be explained by the particle size effect and may only be attributed to the




In this chapter, the mechanical properties of copper aluminium oxide thin films
were characterized by the nanoindentation technique.
By employing the commonly used Oliver and Pharr’s method [6], the hard-
ness and elastic moduli of the films were calculated. The strongest film has hard-
ness of 12.1 GPa and an elastic modulus of 120.1 GPa. The weakest film, on the
other hand, has hardness of only 0.1 GPa and an elastic modulus of 19.0 GPa. It is
believed that such a huge gap among the mechanical properties of films prepared
at different growth conditions originates from the different film microstructures.
XRD characterization suggests that the copper aluminium oxide films mainly
consist of CuAlO2 and CuO grains. In some films, fine Al2O3 grains are also
present. According to the depth profile analysis by SIMS and surface morpholog-
ical observation by AFM and SEM, it is proposed that the films are composed of a
matrix of relatively large CuAlO2 and CuO particles with fine Al2O3 grains scat-
tered in the void and gaps. These Al2O3 grains play an important role in strength-
ening the film since films contain such grains possess hardness much higher than
the theoretical value of CuAlO2 (2.2 GPa), on the other hand, films which are
free of such grains exhibit hardness approaching the theoretical hardness of CuO
(0.3 GPa). Other factors, such as particle size or stress state in the films may also
influence the film strength, however, their contribution to the film strengthening
125
5.5. CONCLUSION
does not seem to be as great as that of Al2O3 grains.
Such a film structure has been previously observed in many other materials
and it is proposed that the addition of nanometer-sized particles to a host matrix
can be used to modify the properties of the matrix material or even achieve ex-
cellent properties which could not be expected from separate phase. Thus it is
possible that the existence of Al2O3 nano-particles to copper aluminium oxide
films may result in films with very high mechanical strength. Such mechanical
properties can be beneficial in a wide range of applications of TCOs, such as
display panel, solar cell windows, transparent conducting electrode (TCE), etc.,
which necessitate long lifetimes and high durability.
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Chapter 6
Summary and Suggestion for Future
Work
6.1 Summary
As the first reported highly conductive p-type transparent oxide, CuAlO2 has be-
come more and more important in the frontier of p-type transparent oxide semi-
conductors. However, up to now, nearly all the related work has been focused
on the synthesis methods, microstructure, transmittance, and electrical conduc-
tivity of this material. On the other hand, its optical properties and mechanical
properties have not been extensively investigated, though both are very important
material properties in practical applications. Hence, an in-depth investigation of
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the optical and mechanical properties of copper aluminium oxide thin films was
conducted in this work.
Cu-Al-O thin films were deposited using plasma-enhanced chemical vapor
deposition, which is one of the most widely used techniques both in research and
in semiconductor fabrication industry.
The optical properties of copper aluminium oxide films were studied by the
Z-scan technique. Under laser bombardment, the film exhibited increased trans-
mittance at the focus point and produced signals similar to the optical nonlinearity.
At a laser intensity of 133 GW/cm2, the largest transmittance change of 25% was
achieved. However, the signal was irreversible under different laser intensities;
that is, the signal recorded in a low laser intensity could not be repeated after the
film was exposed at a high intensity. Careful microscopy observation revealed
domes on the film surface with diameters close to the beam waist, which may be
regarded as an evidence of grain growth or phase change in the areas bombarded
by the laser beam. These domes have higher transmittance than the rest parts of
the film, thus produced a linear optical effect that mimicked the nonlinear optical
signal. Annealing the film in a furnace was then carried out to provide some qual-
itative information about the effect of annealing on film transmittance since direct
measurement of the transmittance of the domes is difficult. The results showed
that a higher annealing temperature led to a higher transmittance, similar to the
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case of a higher laser intensity in the Z-scan process.
Although the Z-scan measurements did not provide an evidence for nonlinear
optical properties in the copper aluminium oxide thin film, the discovery of the
surface modification may potentially be useful in optical data storage. On the
other hand, it was found that the modification threshold of the copper aluminium
oxide thin film by laser beam is quite low and caution must be taken in examining
this material by laser. In the current study, the modification threshold was found
to be 29 GW/cm2 for a Ti-sapphire laser with 100 fs pulse duration operated at
1kHz repetition rate. Thus, a lower laser intensity or smaller pulse duration and
repetition rate should be adopted to avoid or weaken the accumulated thermal
effect on the film surface when examining the film by laser beam.
The mechanical properties of copper aluminium oxide thin films were char-
acterized by the nanoindentation technique with continuous stiffness mode. By
employing the commonly used Oliver and Pharrs method for nanoindentation, the
hardness and elastic moduli of the films were calculated. The strongest film, pre-
pared at a substrate temperature of 500 ◦C and a Cu/Al ratio of 1 in the precursors,
has a hardness of 12.1 GPa and an elastic modulus of 120.1 GPa. The weakest
film, prepared at a substrate temperature of 600 ◦C and a Cu/Al ratio of 3 in the
precursors, has a hardness of only 0.1 GPa and an elastic modulus of 19.0 GPa.
It was also found that the film strength decreased with the substrate temperature
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and the Cu/Al ratio. According to a model based on the concept of bulk modu-
lus, the theoretical hardness values of CuAlO2 and CuO were calculated to be 2.2
GPa and 0.3 GPa, respectively. Since both the nanoindentation load-displacement
curves and SIMS depth profile measurement indicated that the films were quite
homogenous throughout the film thickness, it was believed that the gaps among
the mechanical properties of films prepared at different growth conditions actually
originated from different film microstructures. Moreover, several strengthening
mechanisms were believed to account for the difference between the theoretical
hardness and the experimental hardness.
XRD characterization revealed that the copper aluminium oxide films in the
current study mainly consisted of CuAlO2 and CuO grains. In some relatively
harder films, a peak related to Al2O3 (024) grains was found. Surface morpholog-
ical observations by AFM and SEM, combing with XRD, suggested that the films
were composed of a matrix of relatively large CuAlO2 and CuO particles with fine
Al2O3 grains scattered in the void and gaps. Because of their very high hardness
and relatively small size, the Al2O3 grains were believed to play an important role
in strengthening the film by the particle hardening mechanism. It can be easily
observed that films contain such grains possess hardness values much higher than
the theoretical value of CuAlO2; on the other hand, films which do not contain
such grains exhibit hardness values approaching the theoretical hardness of CuO.
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Another factor that needed to be considered is the particle size effect. It was
observed that the films were mostly composed of particles with diameters larger
than 100 nm. These particles may be regarded as aggregates of CuAlO2 and CuO
grains. Although the particle boundaries are not so strong as the grain boundaries
to resist plastic deformation, they may still take some effect in strengthening the
films. Other factors, such as film density or stress state may also influence the film
strength; however, their contributions to the film strengthening do not seem to be
significant.
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6.2 Suggestion for Future Work
In the current work, it was found that films with high mechanical strength did not
have good conductivity and all the films contained several phases. Future work is
needed to optimize the growth conditions to achieve single phase films with both
high conductivity and high mechanical strength.
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